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sorption  as  a function  of  both  pressure  and  temperature.  Pressure  broadened  s 
of  H^O  in  at  a total  pressure  of  1 atm.  were  performed  at  27  CO?  laser  lines 
in  the  9.4  and  10.4  ym  bands.  NThe  experimental  data  indicates  that  the  continuum 
absorption  (in  this  region)  is  a/slowly  varying  function  of  frequency  which  can  be 
modeled  by  the  semi-erripirical  equation 


k(v)  = 1.72  x 105 


'2  + 2.47  x 1 0-2 


for  a water  vapor  partial  pressure  of  14.2  Torr,  where  k is  the  absorption  coeffi- 
cient in  km-1  and  vis  the  frequency  in  cm”  . 

Temperature  dependence  of  (continuum)  H.O  in  artificial  air  absorption  at 
a total  pressure  of  760  Torr  was  studied  in  the  spectrophone  at  the  10.4  ym  P(lfi) 
and  P(20)  laser  lines.  The  temperature  range  covered  was  from  289  to  300.6°K. 
Results  of  these  measurements  indicate  an  approximate  temperature  dependence 
of  -1.7%  per  degree  Kelvin  at  295°K.  Near  line  center  temperature  dependence 
was  also  examined  for  the  R(20)  laser  line  at  975.930  cm’  . The  experimental 
data  indicate  a significant  positive  temperature  coefficient  of  ^+2%  per  degree 
Kelvin  which  is  in  close  agreement  with  that  predicted  from  the  Lorentz  line  shape 
model. 

The  influence  of  oxygen  and  nitrogen  as  components  of  the  buffer  gas  were 
studied  for  four  different  mixtures;  pure  N*,  80-20  air,  60-40  air  and  pure  02. 
Results  at  975.93  cm  verify  that  0„  is  a less  effective  broadening  gas  than  N2. 
This  difference  was  less  pronounced  (though  discernible  at  frequencies  where 
the  continuum  is  the  dominant  absorption  mechanism.  *.<,<>.  Cr,; 

>A  technique  for  pure  (low  pressure)  H„0  measurements  using  the  spectro- 
phone  is  presented  together  with  some  preliminary  results  at  the  10.6  j^>P(20) 
laser  line.  White  cell  measurements  of  pure  water  vapor  were  performed  at 
seven  laser  lines  in  the  9.4  and  10.4  ym  bands;  these  data  also  indicate  a sig- 
nificant negative  temperature  dependence  for  continuum  absorption. 
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CHAPTER  I 
INTRODUCTION 


Radiation  from  the  C02  laser  has  the  useful  property  of  residing  with- 
in the  8-12  ym  atmospheric  window.  This  fortunate  situation  makes  the  laser 
extremely  useful  for  applications  such  as  communications,  remote  sensing, 
etc.  However,  these  applications  require  accurate  modeling  of  the  small 
absorption  that  does  exist.  An  atmospheric  transmission  model  for  this  spec- 
tral region  is  also  vital  to  broadband  measurements  concerned  with  IR  trans- 
fer through  the  atmosphere.  The  purpose  of  this  study  is  to  investigate  one 
aspect  of  this  problem  - the  molecular  absorption  of  CC>2  laser  radiation 
by  water  vapor. 

In  the  atmosphere,  molecular  absorption  of  C02  laser  radiation  can 
be  attributed  principally  to  carbon  dioxide  and  water  vapor.*  Absorption 
by  the  carbon  dioxide  molecule  is  relatively  well  understood  and  its  contri- 
bution can  be  accurately  predicted  . However,  an  accurate  model  for  water 
vapor  absorption  for  the  8-12  pm  window  does  not  exist2  and  this  is  a source 
of  great  concern  to  systems  designers.  The  contribution  of  H2q  to  total 
molecular  absorption  in  this  wavelength  region  is  comparable  4o  that  of  car- 
bon dioxide  at  CO„  laser  frequencies,  and  nearly  an  order  of  magnitude  greater 
for  broadband  radiation  propagation. 

Traditional  (i.e.,  Lorentz)  line  shape  models  of  far  wing  water  vapor 
absorption  fail  (by  nearly  an  order  of  magnitude)  to  correctly  predict  the 
absorption  which  is  experimentally  observed.  This  failure  includes  an  inabil- 
ity to  model  both  the  pressure  and  temperature  dependence  of  water  vapor 
absorption.  To  compensate  for  this  deficiency,  workers  have  given  a name 
to  this  phenomenon,  calling  it  the  water  vapor  continuum,  which  simply  means 
there  exists  an  anomalous  additional  contribution  to  absorption  that  is  at- 
tributable to  water  vapor.  The  word  continuum  is  used  to  imply  that  this 
source  of  absorption  is  a slowly  varying  function  of  frequency  as  opposed 
to  the  normal  situation  at  a frequency  in  a vibration-rotation  band  consisting 
of  many  closely  spaced  narrow  absorption  lines. 

Studies  of  atmospheric  transmittance  in  the  8-12  pm  region  were  re- 
ported as  early  as  18813  and  the  existence  of  a water  vapor  continuum  in 
this  spectral  region  was  first  suggested  in  1938  by  Elsasser  . Since  then, 
numerous  low  resolution  (broad  band)  studies  of  IR  transmittance  through 
the  atmosphere  have  reported  this  phenomenon5-9.  Although  there  is  a long 
standing  agreement  on  its  existence,  there  is  no  definitive  explanation  for 
the  origin  of  the  water  vapor  continuum. 


*Ozone  also  has  some  strong,  but  narrow,  absorption  lines  in  this  spectral 
region. 


I 
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More  recently,  McCoy10  has  performed  accurate  laboratory  (multiple  1 

traversal  cell)  measurements  to  examine  water  vapor  absorption  at  the  10.59 

pm  P(20)  CC>2  laser  line,  for  which  the  principal  contribution  to  absorption  1 

arise  from  the  continuum.  Because  a laser  measurement  obtains  information  4 

at  only  one  (narrow)  position,  it  cannot  provide  frequency  dependence  in- 
formation unless  a large  number  of  laser  lines  are  examined.  A second  limi- 
tation of  many  reported  laser  studies  is  that  they  were  performed  at  a single 
temperature.  Rignel11  has  performed  broad  band  measurements  of  the  con- 
tinuum temperature  dependence  which  indicated  a negative  temperature 
coefficient  of  approximately  -2%  near  30°C  but  Trusty1^  using  a CO  laser 
and  spectrophone,  measured  a positive  coefficient.  (More  will  be  saio  con- 
cerning Trusty's  results  later.) 

Burch1  ^ has  resolved  this  question  in  favor  of  Bignell  by  demonstrating 
a negative  temperature  coefficient  for  water  vapor  samples  studied  at  ele- 
vated (nearly  388°K)  temperatures.  This  negative  temperature  dependence 
has  been  useri-to  substantiate  two  new  theories  — the  water  dimer14  (H-O)^ 

and  clusters  , which  attribute  continuum  absorption  to  mechanisms  other  \ 

than  the  far  wings  of  strong  water  vapor  lines4.  However,  the  data  avail- 
able is  insufficient  to  definitely  support  one  mechanism  in  favor  of  another; 
in  particular,  a refined  far  wing  line  profile  may  be  equally  capable  of  e>t- 

plaining  continuum  absorption  and  the  observed  temperature  dependence  . < 

In  this  study  we  conducted  both  optoacoustic  (spectrophone)  and  long 
path  (multiple  traversal  cell)  measurements  of  water  vapor  absorption  at 
several  CO„  laser  lines  in  the  9.4  I'm  and  10.4  ym  bands.  These  studies  were 
performed  with  the  goal  of  obtaining  highly  accurate  pressure,  temperature 
and  frequency  dependence  data  on  the  continuum  absorption.  The  analysis 
of  the  results  has  been  made  in  terms  of  the  well  known,  widely  used  (and 
simplistic)  Lorentz  line  shape,  with  the  full  knowledge  that  this  procedure 
does  not  provide  an  accurate  model  in  this  region.  We  have  attempted  to 
examine  the  near  line  center  and  far  wing  behavior  of  this  model  in  term., 
of  the  experimental  results  in  hopes  of  clearly  showing  where  and  how  this 
model  fails.  The  results  from  this  study  are  then  used  to  provide  an  em- 
pirical description  of  the  frequency  and  temperature  dependence  of  water 
vapor  continuum  absorption  in  the  atmosphere  near  295°K  and  one  atm.  pres- 
sure. 1 

In  Chapter  II  selective  ideas  and  principles  from  the  theory  of  molec- 
ular absorption  are  presented  together  with  an  analytic  formulation  of  the 
absorption  coefficient  in  terms  of  the  Lorentz  line  shape.  The  discussion 
includes  an  analysis  of  the  temperature  and  pressure  dependence  of  the  ab- 
sorption coefficient  predicted  by  this  model.  Chapter  III  contains  a funda- 
mental as  well  as  detailed  description  of  the  spectrophone  and  White16  cell 
used  to  perform  absorption  measurements  in  this  study.  Also  considered 
are  the  limitations  and  experimental  difficulties  which  are  typically  encoun- 
tered in  the  application  of  these  two  techniques.  Analysis  of  the  spectro- 
phone includes  a review  of  two  theoretical  descriptions  of  the  pressure  sig-  1 

nal  response  for  a nonresonant  instrument. 
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'n  Chapter  IV  the  experimental  apparatus  and  procedures  are  described. 
Chapter  V contains  computer  plots  of  the  pressure  broadened  and  pure  water 

(vapor  absorption  data  which  is  then  analyzed  in  Chapter  VI.  The  results  of 
this  analysis  are  summarized  in  Chapter  VII. 
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CHAPTER  II 

MOLECULAR  ABSORPTION 
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Absorption  of  radiation  by  the  atmosphere  is  most  readily  described 
in  terms  of  an  extinction  or  attenuation  constant,  a ( v',T,P),  which  gives  the 
fractional  energy  lost  per  unit  length  in  the  direction  of  propagation.  In  its 
most  general  form  a(v',T,P)  will  contain  contributions  from  all  of  the  mech- 
anisms which  are  active  in  attenuating  an  electromagnetic  beam  as  it  passes 
through  the  atmosphere.  In  this  study,  the  only  contributions  considered 
come  from  the  phenomenon  of  molecular  absorption.  Under  controlled  labor- 
atory conditions  it  will  be  assumed  that  scattering  and  turbulence  are  not 
present.  In  this  case  it  is  more  appropriate  to  write  a = k(v',T,P)  where  k 
is  defined  as  the  absorption  coefficient  and  will  have  units  of  km"  for  this 
study.  With  Lambert's  law  we  can  relate  the  transmitted  intensity,  I,  to  the 
incident  intensity,  I by  the  expression 

1 = Ioe”k(v',T,P))l  (1) 

where  l is  the  path  length  in  km  of  the  absorbing  medium.  The  transmittance 
of  this  medium  is  defined  by  the  ratio  I/I  and  from  Equation  (1)  it  is  observed 
that  0 

T =1L=  e"k(v'’T’P)a  . (2) 

o 

When  the  only  contributions  under  consideration  come  from  molecular  ab- 
sorption, the  parameter  k together  with  Equation  (2)  describe  the  transmis- 
sion characteristics  of  the  atmosphere. 

The  arguments,  v',  T and  P of  the  absorption  coefficient  are  included 
to  explicitly  show  the  dependence  of  k on  both  the  frequency,  v ' of  the  radi- 
ation and  certain  intensive  properties  of  the  gaseous  medium  such  as  pres- 
sure and  temperature.  In  order  to  analyze  these  functional  dependences  it 
will  be  more  convenient  and  conventional  to  express  k in  a different  fashion. 

It  is  customary  to  define  the  absorption  coefficient  as  a product  of  two  func- 
tions, the  line  shape,  g(v'-v'  ) with  line  center  vV,  and  line  strengths,  so 
that  ° ° 


N 

k = -Ij  si*i(v'-  v0j)  • (3) 

The  summation  is  included  here  to  indicate  that  contributions  from  more  than 
one  absorption  line,  g^  with  strength  Sj  are  required  to  determine  k at  the 
frequency  v'.  This  discrete  sum  arises  from  the  fact  that  photon  absorption 
is  a quantum  process  in  which  the  internal  energy  of  the  absorbing  molecule 
is  raised  from  a lower  state  E."  to  an  upper  state  E'j.  Equation  (3)  gives  the 
macroscopic  parameter  k as  a sum  of  products  which  describe  the  interaction 


4 


of  the  photon  flux  with  molecules  active  in  the  absorption  process.  The  line 
strength  function,  s-  provides  a quantum  mechanical  description  giving  the 
probability  that  a pnoton,  v'  will  be  absorbed  at  the  center  frequency,  also 
v'  , of  a particular  transition,  i.e., 


E". 

i 


• h v' 


oi 


E'- 


(4) 


The  line  shape,  •)  relates  this  probability  of  the  transition  at  line 

center,  v 'oj,  given  by  the  line  strength,  S:,  to  that  at  any  other  frequency, 
v'  which  is  removed  from  line  center.  Also  contained  in  the  expressions  for 
Sj  and  Sj(v,-'(ijj)  are  the  temperature  and  pressure  dependence  of  the  absorption 
process. 


This  formulation  of  the  absorption  coefficient  (given  in  F.quation  (3)) 
will  serve  as  the  basis  on  which  the  theoretical  discussion  of  this  chapter 
will  follow.  The  first  section  contains  a qualitative  description  of  the  photon- 
matter  interaction  and  some  comments  concerning  the  subject  of  molecular 
absorption.  This  is  followed  by  an  analysis  of  the  analytic  expressions  used 
to  describe  molecular  absorption,  i.e.,  the  equations  for  line  strength  and 
line  shape.  In  the  third  section  the  temperature  and  pressure  dependence 
contained  in  these  two  functions  is  considered.  Finally,  the  results  of  this 
chapter  are  connected  with  continuum  absorption;  in  particular  the  concept 
of  the  water  vapor  dimer(s)  is  discussed. 

A.  Introduction 


The  analytic  description  given  in  Equation  (4)  provides  the  most  funda- 
mental picture  of  the  absorption  process.  Implicit  in  this  equation  is  the 
description  of  the  event  where  a molecule  in  the  lower  energy  state  E"  ab- 
sorbs one  photon  (we  will  only  treat  single  photon  processes  here)  of  energy 
hvr  and  thereby  increases  its  total  energy  to  E\  The  energy  levels,  E,  which 
appear  in  this  picture  represent  a sum  of  the  internal  energy  contribution 
provided  by  electronic,  vibrational  and  rotational  "motions"  of  the  molecule. 
These  energy  levels  are  discrete  which  is  to  say  that  not  all  values  of  the 
internal  energy  are  possible.  Only  those  energy  levels  which  correspond  to 
eigenvalues  of  the  Hamiltonian  for  the  particular  molecule  are  allowed,  i.e., 

tg  E > = E|  E > (5) 

where  HL.  is  the  Hamiltonian  operator  for  the  molecule 
| E>  is  the  energy  eigenstate, 
and  E is  the  energy  eigenvalue  for  the  state  | F > . 

Equation  (4)  can  be  re-written 

E'  - E"  = h v’o  (6) 

to  show  that  the  energy  of  the  molecule  must  increase  by  an  amount  hv'  . 

The  internal  form  (electronic,  vibration  and/or  rotation)  by  which  this  ad- 
ditional energy  manifests  itself  will  be  determined  by  the  photon  energy  under 


consideration.  Table  1 gives  a list  of  the  three  fundamental  transitions  and 
the  relative  photon  energies  which  are  encountered  in  each  case.  In  this 
study  we  shall  only  be  concerned  with  the  absorption  of  photons  with  wave- 
lengths between  9 and  11pm.  This  corresponds  to  the  near  infrared  and  vi- 
bration-rotation transitions  see  Table  1.  A,  set  of  such  transitions  is  shown 
in  Figure  1 which  was  taken  from  Herzberg  . In  this  figure  a set  of  rota- 
tional energy  levels  for  each  (upper  and  lower)  vibrational  energy  level  are 
drawn  and  labeled  with,  their  appropriate  rotational  quantum  numbers,  J' 
for  the  higher  level  and  J"  for  the  lower.  The  allowed  transitions  (indicated 
by  the  vertical  lines)  are  also  shown  and  labeled.  The  energy  levels  at  J'=0 
and  J"=0  correspond  to  the  pure  vibrational  energy  states  of  this  hypothetical 
molecule.  The  adjacent  rotational  energy  levels  are  more  closely  spaced 
than  the  vibrational  energies  and  correspond  to  smaller  changes  of  the  in- 
ternal energy.  The  vibration-rotation  energy  levels  (shown  in  Figure  1)  cor- 
respond to  allowed  energy  eigenstates  (interactions  are  ignored  in  this  zero 
order  approximation)  which  have  been  formed  by  simply  superimposing  the 
rotational  energy  structure  on  the  vibration  levels.  In  this  simplified  descrip- 
tion the  Hamiltonian  of  Equation  (5)  is  given  by 

HM  = HRot  + HVib  (7) 

and  Equation  (5)  becomes 

HM  I E>  = (Eftot  + EVib)  E>  = E |E>  (8) 

where  ^Rot 's  r°tational  energy  eigenvalue, 
is  the  vibrational  energy  eigenvalue 

and  the  model  being  considered  here  is  the  vibrating  rotator.  The  quantum 
numbers  J which  appear  in  Figure  1 provide  a label  for  the  rotational  energy 
eigenstates  since  they  appear  explicitly  in  the  analytic  expression  for  the 
eigenvalue,  RRot- 

For  each  allowed  energy  (level)  eigenvalue,  E,  there  exists  an  eigen- 
state |E>  which  contains  a complete  description  of  the  molecule.  In  wave- 
mechanical  terms  this  description  is  given  by  the  wavefunction  ^(r),  i.e., 

’f’(r)  = <r  | E>  . (9) 

'u  'V 

It  is  important  to  realize  that  not  all  of  the  processes  described  by  Equation 
(4)  will  readily  occur,  i.e.,  not  all  transitions  are  allowed.  Note  in  particular 
that  only  certain  energy  levels  in  Figure  1 are  connected  by  the  vertical  lines 
which  indicate  the  allowed  transitions.  The  probability  that  a molecule  in 
the  energy  state  E"  will  absorb  a photon  with  energy  h v'  is  determined  by 
the  relative  nature  of  the  upper  and  lower  eigenstates.  Pn  quantum  mechan- 
ical terms  the  transition  probability  is  determined  by  applying  Fermi's  golden 
rule  which  essentially  calls  for  the  evaluation  of  the  dipole  matrix  element 

M =<E'|  r |M">  (10) 
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Figure  1 . Energy  level  diagram  explaining  the  fine  structure  of  a rotation- 
■ vibration  band.  In  general,  the  separation  of  the  two  vibrational  levels 

§ is  considerably  larger  compared  to  the  spacing  of  the  rotational  levels 

! than  shown  in  the  figure  indicated  by  the  broken  parts  of  the 

_ vertical  lines  representing  the  transitions. 


when  | ty|  £ 0,  the  transition  is  called  an  "allowed  transition";  if  |M|  =0,  it 
is  "not  allowed".  For  the  vibrating  rotator  model  which  has  its  energy  levels 
drawn  in  Figure  1,  | tyl  | in  Equation  (10)  will  be  nonzero  only  for  «T-J"=-l. 

, +1  corresponds  to  the  R branch  lines,  -1  to  the  P branch. 

I 

The  rigid  rotator  described  here  provides  a useful  but  crude  model  for 
predicting  the  basic  structure  of  near  infrared  molecular  absorption.  Its 
failures  arise  from  the  extremely  simplistic  formulation  which  ignores  the 
consequences  of  interaction  energies,  motion  by  the  center  of  mass  (doppler 
broadening),  external  perturbation  (pressure  broadening),  etc.  These  effects 
have  a significant  influence  on  the  molecule-photon  interaction.  They  result 
in  a continuous  range  of  photon  frequencies  which  can  be  active  in  any  of 
the  transitions,  such  as  those  shown  in  Figure  1.  In  the  earlier  description 
only  a photon  with  energy  hv'  = E'-E"  could  be  active  in  the  transition  be- 
tween the  two  states  |E">  and  [E’> . The  point  made  here  is  that  in  a "real" 
molecule  this  transition  will  involve  a range  of  photon  frequencies,  centered 
about  v'  which  can  be  absorbed.  This  gives  rise  to  a description  of  the  tran- 
sition in  Terms  of  a "line  shape"  g(v '-  v'  ) which  gives  the  probability  that 
a photon  with  frequency  v'  will  be  absorbed  relative  to  the  absorption  of 
a line  center  photon  with  frequency  v'  Absolute  levels  in  the  absorption 
coefficient  are  arrived  at  through  a determination  of  the  line  strength  which 
is  proportional  to  the  transition  rate  for  absorption  at  line  center.  In  the 
next  section  these  concepts  will  be  brought  together  and  analytic  expres- 
sions for  both  line  shape  and  line  strength  will  be  considered. 

B.  The  Absorption  Coefficient 

Perturbations  of  the  absorbing  molecules  increase  the  number  of  tran- 
sitions which  contribute  to  the  absorption  coefficient  k(v')  from  a single 
line  centered  at  the  frequency  v'  to  all  those  lines  in  a neighborhood  of  v '. 

In  the  case  of  water  vapor  absorption  this  neighborhhood  may  be  quite  large. 
The  size  of  each  contribution  is  determined  by  the  "strength"  of  the  line, 
given  here  in  a function  S and  the  frequency  dependence  or  shape,  given  by 
a function  g(v'-v'0),  where  v'Q  is  the  center  frequency,  see  Equation  (3).  Be- 
cause the  absorption  line  no  longer  has  a delta  function  frequency  dependence, 
one  says  that  the  line  is  broadened.  There  are  several  mechanisms  which 
produce  a broadening  of  the  spectral  line.  Some  of  the  mqst  notable  are: 

1.  natural 

2.  collision  (pressure) 

3.  Doppler. 

I 

t.  Line  shape 

Natural  line  width  is  produced  by  an  interaction  of  the  molecule  with 
a radiation  field.  This  perturbation  distorts  the  upper  and  lower  energy  levels 
°f  the  transition  and  thereby  produces  a molecular  line  width  on  the  order 
of  1 0 H cm  . This  mechanism  results  in  a homogeneous  broadened  line  and 

,!  therefore  establishes  a lower  limit  for  spectral  line  width.  Weisskopf  and 

Wigner  8 have  shown  that  this  natural  line  shape,  R,(v-v  ),  is  Lorentzian, 
so  that  " ° 


I 


8 


(11) 


where 


and19 


gN(  v v0) 


- "N 

if  -^77^ 


vQ  is  the  line  center  frequency  in  wavenumbers, 

aN  is  the  halfwidth  in  wavenumbers,  i.e.,  one  half  the  width  of 
the  line  at  one  half  its  maximum  amplitude 


1 

aN  = TFcx 

where  e is  the  speed  of  light 

and  T is  the  spontaneous  life  time. 


(12) 


Of  the  three  broadening  mechanisms  listed  above  collision  broadening 
will  prove  to  be  the  most  relevant  to  this  study.  This  effect  also  produces 
a homogeneously  broadened  line  and  is  usually  referred  to  as  pressure  broad- 
ening. It  is  the  dominant  mechanism  in  gas  samples  with  a pressure  greater 
than  about  30  Torr.  A rigorous  and  complete  quantum  mechanical  treatment 
of  collision  broadening  does  not  exist;  the  problem  requires  treatment  of 
a very  large  number  of  mutually  interacting  systems  all  of  which  must  be 
treated  at  once.  Hence,  this  is  a multibody  problem  which  has  not  proved 
tractable.  Approximate  solutions  to  the  problem  indicate  that  this  line  shape 
is  also  Lorentzian20 


gL^v_vo 


aL 

(v-v0)  +aL 


where  is  the  Lorentz  half  width. 

oi 

From  the  kinetic  theory  of  gases  it  can  be  shown  that 


(13) 


_ F _ 1 

“l  = w °4; 


(14) 


where 


and 


F is  the  collision  frequency, 

Nj  is  the  number  of  molecules  of  the  ith  type  per  unit  volume, 

Dfl  j is  the  sum  of  the  optical  collision  diameters  of  the  absorbing 
molecule  and  a molecule  of  the  ith  type, 

k is  the  Boltzmann's  constant, 

T is  the  temperature, 

m is  the  mass  of  the  absorbing  molecule; 

nij  is  the  mass  of  a molecule  of  the  ith  type. 
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The  most  general  form  of  Equation  (14)  required  for  this  study  involves  a 
mixture  of  three  gases  - water  vapor  (the  absorber),  nitrogen  and  oxygen. 
Substituting  the  ideal  gas  law  into  this  equation  and  redefining  terms  per- 
mits the  Lorentz  half  width  to  be  expressed  as2* 


C 


vR  + Pr 


(8irkT)*  H2°’N2L  H2°  °2  °2 


PN  ] 
n2 


(15) 


or 


1 


(87TkT) 


T 


C,  P 

H20,N2  e 


where 


(16) 


Pe  = PH2o  B * P02 


o. 


+ p 


N. 


(17) 


and  is  referred  to  as  the  effective  pressure.  In  Equation  (15)  the  variables 
are  defined  as  follows  . 


ch2o,n2  (dh2o,n2) 


mH20  mN2  J 


(18) 


where 


and 


PH  is  the  partial  pressure  of  H20, 

Pq  is  the  partial  pressure  of  oxygen, 

PN  is  the  partial  pressure  of  nitrogen, 

1’2 

B is  the  self-broadening  coefficient, 
of  H2o  with  respect  to  N2, 

F0  is  the  foreign  broadening  coefficient  of  oxygen 
2 with  respect  to  N2> 


At  frequencies  near  line  center  the  Lorentz  line  shape  gives  reasonable  re- 
sults. However,  when  strong  interactions  (collisions)  are  significant,  i.e., 
in  the  far  wings,  its  description  does  not  accurately  model  water  vapor  ab- 
sorption. As  a result,  other  line  shapes22  have  been  proposed  to  model  the 
far  wing  line  profile.  One  such  line  shape  is  given  by 


^v"vo)  = 7i  sinI 


a-1 


1 < a<  2 


v “V  . 


(19) 


which  accentuates  the  contributions  in  the  far  wings.  For  the  present  dis- 
cussions the  Lorentz  line  shape  of  Equation  (13)  will  be  adequate  to  describe 
the  central  features.  Equation  (19)  can  provide  an  emperical  fit  to  experi- 
mental results. 
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As  the  name  implies,  the  third  source  of  broadening  (Doppler)  is  pro- 
duced by  the  relative  motion  of  molecules  while  they  absorb  (or  emit)  photons. 
This  produces  an  inhomogeneously  broadened  line,  i.e.,  since  the  molecules 
are  traveling  with  different  velocities,  they  will  have  their  respective  line 
center  frequencies  shifted  by  different  amounts  relative  to  the  laboratory 
reference  frame.  The  Doppler  line  shape  is  given  by  4 


U ° «D 


1 (In  2 


[£rt  2(  v-  v0)2/ ct^] 


(20) 


which  represents  a line  shape  produced  by  the  Maxwellian  velocity  distri- 
bution of  the  molecules.  Here  is  the  Doppler  half  width  which  can  be 
found  from 


aD  = 


(21) 


where 


and 


v0  is  the  line  center  frequency, 
T is  the  temperature, 
k is  the  Boltzmann's  constant, 

m is  the  molecular  mass, 
c is  the  speed  of  light. 


At  pressures  between  ^1  and  ^30  Torr  both  Doppler  and  collision  broad- 
ening are  important  mechanisms  and  jointly  determine  the  shape  of  the  spec- 
tral lines.  Under  these  conditions  it  is  necessary  to  combine  the  two  descrip- 
tions. This  amounts  to  a convolution  of  the  Doppler  line,  Equation  (20)  witK 
the  Lorentz  line,  Equation  (13),  which  produces  the  Voigt  profile,  given  byi4 


where 

and 


gv(^vo)  = 


aL 


“377 


_x2 

3 x dx 


2 ocqX 

(v_vo)“  m ~ 
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+ dr 


is  the  Lorentz  half  width  given  by  Equation  (16) 
oip  is  the  Doppler  half  width  given  by  Equation  (21). 


2.  Line  strength 


(22) 


The  line  strength  provides  a measure  of  the  transition  probability  at 
the  line  center  frequency.  The  frequency  dependence  of  the  absorption  co- 
efficient appears  in  the  line  shape  functions  which  we  have  required  to  sat- 
isfy 
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. 


g(v-v0)  dv  = 1 


(23) 


by  multiplying  with  the  appropriate  constants.  This  normalization  is  moti- 
vated by  the  definition  of  line  strength 


kj(  v)dv 


(24) 


i.e.,  the  integral  of  the  absorption  coefficient  over  all  wavenumbers.  Sub- 
stituting from  Equation  (3)  and  using  only  the  contribution  from  a single  (the 
ith)  absorption  line 


Sj(  vQj,T,pa)  - f°  Sj  gj(v-voi)dv  (25) 

* oo 

where  the  arguments  of  S.  are  included  to  emphasize  the  dependence  of  Sj 
°.n  voP  the  1'ne  center  frequency,  the  temperature,  T and  the  absorber  par- 
tial pressure,  p An  equation  for  the  line  strength  cap  be  derived  from  Lambert's 
law  and  an  expression  for  the  induced  transition  ratezs 


S = 


Pa 

1?T 


gU 

8 TT  v’ 

o 


^vOrQe 


-he  v /kT  -E./kT 
(1-e  0 )e  1 


(26) 


where  pa  is  the  absorber  partial  pressure, 

T is  the  temperature  , 

vQ  is  the  line  center  frequency  of  the  transition  in  wavenumbers  , 
A^is  the  Einstein  transition  probability  of  spontaneous  emission, 
is  the  vibrational  partition  function, 

QE  is  the  rotational  partitition  function, 

Qe  is  the  electronic  partitition  function, 
k is  the  Boltzmann's  constant , 

E is  the  energy  of  the  lower  energy  state, 


and 


i.e.,  (E  -E  5)/hc  = v 


o» 


g is  the  degeneracy  of  the  upper  energy  level. 


In  the  case  of  a transition  between  two  degenerate  levels  with  degeneracies 
g^  and  gy,  the  Einstein  coefficient  of  spontaneous  emission  is  given  by 
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(27) 
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In  this  discussion  we  can  set  Q = 1.  It  remains  to  express  the  tem- 
perature dependence  found  in  Q„  and  Qn.  The  vibrational  partition  function 
can  be  easily  calculated  in  the  harmonic  oscillator  approximation  and  is  given 
by'*1 


1 

-a)  hc/kT 
1-e  e 


(28) 


where  is  a vibration  constant. 

For  the  range  of  temperatures  considered  here  Qy  is  essentially  unity  and 
will  also  be  eliminated.  For  water  vapor  (asvm metric  top)  the  rotational 
partition  function  is  given  approximately  by17 


where 


9 

A,  B and  C are  the  rotational  constants,  i.e.,  h/(8ir  cT). 


(29) 


r.  Temperature  and  Pressure  Dependence 


From  the  results  given  in  the  previous  section  it  is  now  possible  to  find 
an  expression  for  the  temperature  and  pressure  dependence  of  the  absorption 
coefficient.  Starting  with  Equation  (3)  and  substituting  in  the  expressions 
for  the  pressure  broadened  line  shape,  Equation  (13)  and  line  strength,  Equation 
(26)  we  obtain  the  desired  result 
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for  some  reference  temperature,  T°  and  absorber  partial  pressure  p°.  The 
absorption  coefficient  can  be  rewritten  using  Equations  (32)  and  (29fas 
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Equation  (33)  will  be  used  in  the  analysis  of  the  pressure  broadened  water 
vapor  absorption  data  with  a,  given  by  Equation  (16).  A similar  expression 
for  k(v)  ean  be  used  for  the  ptire  water  vapor  studies,  except  that  the  Lorentz 
line  shape  must  be  replaced  with  the  Voigt  line  profile  which  appears  in  Eq- 
uation (22). 

There  are  two  cases  of  special  interest  in  our  analysis  of  Equation  (32) 

1.  near  line  center  absorption 
and  2.  far  wing  absorption. 

These  conditions  are  specified  by  a comparison  of  the  ratio  (v-v  )^/a?  with 
unity,  i.e.,  0 L 

( v_v/^\2|  < 1 near  line  center 

(34) 

\ L / >1  far  wings. 

\ 

O 

Examination  of  the  Lorentz  line  shape  shows  that  when  [ (v-v0)/  ct^]  < 1 

,r<v-v0,)i,-fL[l-(^)2]  (35, 

and  for  the  other  extreme,  [(  v-vq)  > 1 


„FW  , x „ “ L 

g L (v~voi)  1 
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1.  Near  line  center  behavior 


The  first  case  to  be  considered  is  a near  line  center  contribution  to 
k(v).  Substituting  Equation  (35)  into  Equation  (33)  we  obtain 
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It  is  possible  to  simplify  this  equation  by  making  several  good  approximations 
which  apply  to  a water  vapor  absorption  line  in  the  10  ym  region  that  permit 
Equation  (37)  to  be  rewritten 
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where  P°  is  a reference  effective  pressure  defined  by  Equation  0 7) 

T°  is  the  reference  temperature 

p°  is  the  reference  absorber  partial  pressure 

Cl 

is  the  reference  Lorentz  half  width  under  the  conditions  that 
Pe  = P°  and  T = T°- 


It  has  also  been  assumed  that 


v-vQ  \2 


L 


= o.  The  temperature  dependence 


of  k^  as  given  by  Equation  (38)  is  shown  in  Figure  (2)  where  k^^/k°  is 
plotted  vs.  temperature  and  k°  is  defined  as  - — - . This  plot  shows  that 

ira  ° 


LC 


L 


k has  a positive  temperature  coefficient,  i.e.,  the  absorption  increases 
with  increasing  temperature.  The  curve  shown  in  Figure  2 is  based  on  a 
typical  value  of  E ^ ( ^2000  cm  v for  a water  vapor  line  in  the  10  u m region. 

The  dependence  of  k^  on  the  absorber  partial  pressure  can  be  dis- 
played by  substituting  for  P , as  given  by  Equation  (17),  into  Equation  (38), 
with  the  result  that 
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where  only  nitrogen  is  being  considered  as  a broadening  gas.  This  equation 
shows  that  for  near  line  center  absorption  K will  have  both  a linear  and  a 
quadratic  pressure  dependence. 

2.  Far  wing  behavior 


For  most  CO  laser  lines  the  contributions  from  the  far  wings  of  water 
vapor  lines  to  the  Absorption  coefficient  will  be  significant.  A notable  ex- 
ception is  the  R(20)  line  at  975.9  cm"  which  is  nearly  coincident  with  a rota- 
tional water  line.  The  contributions  to  k(  v)  from  far  wing  absorption  can 
be  examined  by  using  the  line  shape  of  Equation  (36)  in  Equation  (33)  with 
the  result  that 
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Figure  2.  Percentage  change  in  k with  temperature,  relative  to 
the  absorption  coefficient  at  300°K.  Curve  is  based  on  the 
line  center  model  given  by  Equation  (38). 
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Again  it  is  possible  to  simplify  this  expression  by  making  some  reasonable 
approximations  which  will  allow  the  pressure  and  temperature  dependence 
to  be  explicitly  displayed,  i.e.  E„ 


kFW%  Pa  P_e  (VM3  v _!L 

P ° p°  V J i 


l\  ( T-T° 
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which  gives  the  appropriate  form  of  the  absorption 
assumption  that  [ (^/(v-Vq)  ]2  <<  1. 


coefficient  under  the 


The  temperature  dependence  can  be  most  easily  considered  by  rewriting 

(41)  as  E 
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which  shows  that  khW  can  have  either  a positive  or  negative  temperature 
coefficient  depending  on  the  value  of  , i.e.,  as  T increases  the  term 


will  cause  kFW  to  decrease  while 


will  cause  kFW  to  increase.  These  two  expressions  appear  as  a product  in 
Equation  (42)  so  that  the  actual  temperature  dependence  will  be  determined 
by  which  term  dominates.  Figure  3 shows  a plot  of 


*i  T_To 
lo  T 


as  a function  of  T for  T°  = 300°K  with  E^  as  a parameter. 
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The  pressure  dependence  can  also  be  easily  examined  provided  the  ex- 
pression for  u given  in  Equation  Hfi)  is  used  together  with  Equation  (17), 
which  defines  The  effective  pressure,  P Substituting  into  Equation  (41) 
we  have 
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where  we  have  assumed  that  only  nitrogen  is  being  used  as  a buffer  gas. 
This  equation  shows  that  the  far  wing  contributions  to  k will  also  have  a 
linear  and  quadratic  pressure  dependence. 


D.  Water  Vapor  Dimers 


The  measured  values  of  absorption  for  the  water  vapor  continuum  in 
the  9 and  10  ym  region  are  significantly  greater  than  those  prediced  by  cal- 
culations which  use  the  Lorentz  line  shape  to  model  the  far  wings.  It  should 
be  appreciated  that  this  is  exactly  the  region  where  the  Lorentz^  line  is 
expected  to  be  least  accurate  in  modeling  the  true  line  profile2”.  As  a result 
of  this  failure  to  predict  H„0  absorption  it  has  been  proposed  that  an  alter- 
native mechanism  is  responsible  for  the  experimentally  observed  results. 

This  theory  suggests  that  water  vapor  dimer  (H„o)2  formations  are  the  source 
of  the  continuum  absorption  . The  basic  arguments  for  this  mechanism 
follow  from  the  temperature  and  pressure  dependence  of  dimer  absorption 
which  also  agrees  with  that  observed  for  the  continuum  . At  this  time  no 
experimental  evidence  is  available  to  conclusively  substantiate  or  exclude 
either  the  far  wing  or  dimer  formation  models. 
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CHAPTER  III 

PRINCIPLES  AND  PROBLEMS  OF  SPECTROPHONE 
AND  WHITE  CELL  ABSORPTION  MEASUREMENTS 


i 

i 

< 

> 


! 

i 

i 

1 


i 

■i 

■ 

; 


The  theoretical  bases  for  both  optoacoustic  and  White  cell  absorption 
measurements  are  extremely  simple  and  fundamental  in  that  both  techniques 
measure  the  amount  of  energy  which  is  lost  (absorbed)  in  passing  electromag- 
netic radiation  through  a gas  sample.  However,  these  techniques  employ 
quite  different  methods.  In  studies  which  utilize  the  spectrophone,  the  sample 
gas  is  enclosed  in  a small  rigid  container  with  windows  at  each  end  that  per- 
mit incident  radiation  to  enter  and  exit  the  chamber.  When  an  absorbing 
sample  is  enclosed  a fraction  of  this  incident  radiation  will  be  lost  to  the 
gas  and  converted  into  kinetic  energy  of  the  molecules.  This  produces  an 
increase  in  both  the  temperature  and  pressure  which  is  directly  proportional 
to  the  energy  absorbed  by  the  gas.  The  absorption  coefficient  for  a sample 
gas  is  obtained  by  measuring  this  pressure  rise  and  then  using  a suitable  cali- 
bration. The  White  cell  technique  consists  of  an  insertion  loss  measurement 
that  determines  a transmittance  from  which  the  absorption  coefficient  is 
calculated.  This  chapter  contains  theoretical  descriptions  of  these  two  meth- 
ods and  discussions  on  the  fundamental  problems  which  can  inhibit  accurate 
measurements. 

A.  Transmittance  Measurements 


The  starting  point  for  this  discussion  is  Lambert's  Law 
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= Iine 


-k  ( v)  i 


(44) 


where  I.  and  I . are  the  radiation  power  levels  incident  on  and  exiting  the 
White  cell;  i is  rne  path  length  in  km  and  k (v)  is  the  absorption  coefficient 
at  the  frequency  v with  units  of  km  . The  transmittance  through  the  cell 
is  given  by  the  equation 

T'=^ii!  =e“k’(vH.  (45) 
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When  a nonabsorbing  (at  the  frequency  v)  sample  gas  is  present  in  the  cell 
Equation  (45)  is  rewritten 
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where  the  superscript  (°)  indicates  that  the  background  transmittance  of 
the  cell  is  being  considered.  To  determine  the  transmittance  of  a sample 
gas  it  is  necessary  to  divide  Equation  (45)  by  (46),  so  that 
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t = T1  _ ’’Win*  _e-Ck’(v)-k0(»)]l  -e-k(v)«  (47) 
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from  which  the  absorption  coefficient  k(v)  of  the  gas  can  be  calculated. 
Taking  the  natural  logarithm  of  both  sides  we  obtain 

kfv)  = - 1 = (48) 

Z *•  T° 

which  enables  k(  v)  to  be  evaluated  directly  from  a measurement  of  the  trans- 
mittance at  the  path  length  z. 

From  Equation  (47)  it  is  observed  that 


k'(v)  = k(v>  ► k°(v>, 


(49) 


but  this  is  really  a fundamental  assumption  for  it  implies  that  the  residual 
background  losses  of  the  multi-traversal  cell  experiment  remain  constant. 
That  is,  to  be  able  to  calculate  the  absorption  coefficient  from  Equation 
(48),  it  is  necessary  to  assume  that  the  difference  between  k'(v)  and  k°(v) 
is  a result  of  the  sample  gas  and  not  a change  in  mirror  alignment  and/or 
reflectivity  which  occured  between  the  measurement  of  T1  and  T°.  Other- 
wise we  must  write  Equation  (49)  as 

k(v)  = k'(v)  - k°(v)  - 6 (50) 

where  6 would  represent  a small  change  in  the  background  attenuation  of 
the  laser  radiation.  For  this  situation,  it  is  necessary  that  Equation  (48)  be 
rewritten  as 

k(v)F  6 = -I  £nZ  (51) 

Z T 

which  indicates  an  error  in  the  measurement  for  the  absorption  coefficient 
of  order  1 6 1 . 

Both  Equations  (48)  and  (51)  have  serious  implications  which  by  them- 
selves serve  to  delimit  the  accuracy  which  one  can  expect  to  realize  with 
White  cell  measurements.  In  the  next  section,  Equation  (50)  will  be  used 
to  predict  the  relative  uncertainty  in  the  absorption  coefficient  as  a function 
of  error  in  the  transmittance  measurement.  Section  2 deals  with  similar 
implications  that  are  contained  in  Equation  (51).  Finally,  these  results  are 
combined  to  predict  an  optimum  path  length  as  • function  of  k(  v). 

1.  Calculation  of  absorption  coefficient 
a.  error  sensitivity 

After  the  transmittance  has  been  recorded  it  is  a simple  matter  to 
calculate  the  absorption  coefficient  using  Equation  (48).  However,  it  is  in- 
structive to  examine  the  influence  which  a small  uncertainty  in  the  trans- 
mittance measurement  has  or\  the  calculated  value  of  k(v).  This  can  be  done 
by  looking  at  the  differential  of  k(v), 
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or  expanding  the  natural  logarithm  we  have 
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If  only  terms  of  order  dT  are  retained  the  result 


■dk  (y~  = ( In  T)"1  — + o(dT2)  (54) 

k (v)  T 

is  obtained.  This  expression  gives  the  relative  change  in  the  absorption  coef- 
ficient for  a small  change  in  the  transmittance,  i.e.,  it  predicts  the  error 
which  can  be  expected  when  the  uncertainty  in  the  value  of  T is  known.  Fig- 
ure 4 shows  a plot  of  the  percentage  change  in  k(  v)  versus  the  percentage 
change  in  T with  T x 100  as  a parameter.  From  these  results  it  is  clear  that 
reasonable  accuracy  in  the  absorption  coefficient  (1%)  can  only  be  achieved 
if  there  is  substantial  absorption. 

b.  optimum  path  length 

Inspection  of  Equation  (54)  shows  that  the  relative  uncertainty  in  k(v) 
can  be  made  negligible  by  decreasing  the  value  of  T,  i.e., 

2l(  £n  Tf 1 0 as  T -*■  0.  (55) 

dT/T 

When  sample  gases  with  a relatively  small  value  of  k(v)  ( <0.1  km-*)  are  studied 
this  criteria  requires  that  large  path  lengths  be  utilized.  For  example,  if 
k(v)  = 0.1  km  , a path  length  of  23  km  is  required  to  reduce  the  transmit- 
tance below  10%.  Such  a path  length  is  not  easily  achieved  so  that  a more 
realistic  criterion  needs  to  be  considered.  A reasonable  objective  would  be 
to  require  that  the  uncertainty  in  absorption  coefficient  equal  the  uncertainty 
in  the  transmittance  measurement;  looking  at  Equation  (54)  this  implies  that 
In  T = -1  or  T = 0.368.  This  simply  says  that  the  optimum  path  length  (by 
the  above  definiton)  should  be  chosen  such  that 

k(v)  * 1=  1.  (56) 

In  this  study  the  maximum  path  length  available  was  approximately  1.5  km 
so  that  the  condition  given  by  Equation  (56)  was  not  achieved. 
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2.  Background  stability 


a.  mechanical 

In  Section  B.3  of  Chapter  IV  the  results  of  a stability  study  are  given, 
see  Figure  32,  and  are  used  to  predict  the  magnitude  of  this  problem.  These 
data  indicate  that  during  any  experiment,  one  can  conservatively  assume 
a 1%  variation  in  the  background  transmission.  It  is  difficult  to  analyze  the 
problem  of  mechanical  stability  in  the  White  cell  optics  in  that  the  effects 
were  of  a random  and  discrete  nature  with  unknown  origin(s).  Their  signifi- 
cance arises  from  the  error  which  is  produced  by  small  changes  in  the  back- 
ground transmission  of  the  multitraversal  cell;  these  variations  can  be  repre- 
sented with  the  parameter  6.  By  using  Equation  (51)  it  is  an  easy  matter 
to  show  that 


6 


(57) 


which  yields  a 6 = 0.007  km-1  for  a 1.5  km  path  length  with  the  stability 
figure  quoted  above.  This  value  of  6 provides  an  upper  bound  on  the  error 
introduced  by  mechanical  instability. 


b.  optical 


It  is  also  of  interest  to  consider  contributions  to  the  parameter  6 pro- 
duced by  small  changes  in  the  reflectivity  of  mirrors  in  the  White  cell.  Such 
changes  could  possibly  arise  from  water  vapor  condensing  on  the  mirrors 
during  an  experiment.  For  this  reason  it  is  instructuve  to  calculate  the  change 
in  mirror  reflectivity  necessary  to  produce  a 1%  change  in  the  background 
transmission  of  the  cell.  If  only  the  losses  occuring  at  each  mirror  are  con- 
sidered the  transmittance  of  the  evacuated  White  cell  is  given  by 

T = RN"2  (58) 


where  R is  the  reflectivity  of  the  mirrors  and  N is  the  number  of  traversals. 
From  Equation  (58)  it  is  easy  to  show  that  the  relative  change  in  transmis- 
sion is  related  to  the  relative  change  in  reflectivity  by  the  equation 


dR 

R 


(59) 


For  the  experiments  conducted  during  this  study  (N-2)  ^ 102  so  that  ^ x 100 
= 0.01%  when  dT/T  x 100  = 1%.  If  we  assume  R = .99,  the  absolute  change 
in  reflectivity  would  be  on  the  order  of  0.0001,  which  is  a very  small  change. 
However,  there  is  no  evidence  to  support  the  existence  of  this  problem.  Tests 
were  performed  in  which  condensation  was  inhibited  by  heating  the  mirrors; 
the  results  of  those  experiments  proved  inconclusive. 
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By  combining  the  results  of  these  two  sections  it  is  observed  that  an 
optimum  situation  will  exist  when  K(v)  • 1 is  large  and  N is  small.  In  the 
case  of  a highly  transmitting  sample  gas  these  criteria  can  only  be  satisfied 
in  an  experiment  employing  a cell  with  an  extremely  long  base  path  length. 
Since  this  is  not  always  possible,  an  alternate  technique,  the  spectrophone 
has  developed  as  a promising  research  tool  which  is  capable  of  performing 
accurate  measurements  when  the  absorption  is  quite  small.  The  next  sec- 
tion treats  the  basic  theory  of  this  instrument  and  its  unique  set  of  problems. 

B.  Optoacoustic  Measurements 

The  optoacoustic  effect  was  discovered  in  1880  by  Alexander  Graham 
Bell  . It  received  relatively  little  attention  until  intense  coherent  sources 
of  radiation  became  available;  the  first  attempts  at  employing  this  effect 
to  measure  absorption  in  gas  samples  were  limited  by  the  intensity  of  thermal 
radiation  sources  and  the  sensitivity  of  acoustic  transducers.  Viengerov3® 
made  the  first  such  measurements  in  1938  using  a resonant  cavity.  However, 
it  was  the  advent  of  the  laser  which  allowed  Kerr  and  Atwood3*  to  demon- 
strate the  potential  of  the  spectrophone  as  a sensitive  instrument  capable 
of  measuring  extremely  small  levels  of  absorption.  In  1967  they  performed 
water  vapor  and  CC^  absorption  measurements  with  a nonresonant  instru- 
ment using  both  pulsed  and  cw  laser  sources.  With  their  spectrophone  and 
a capacitive  manometer  pressure  transducer  they  achieved  a sensitivity  of 
10"'  cm-1  that  was  limited  by  a false  pressure  signal  associated  with  the 
end  windows.  Three  years  later  Kreuzer32  used  a nonresonant  cell  with  a 
specially  designed  pressure  sensing  microphone  to  further  study  the  ultimate 
sensitivity  of  the  optoacoustic  instrument.  In  that  work  he  discussed  the 
theoretical  implications  of  noise  in  the  pressure  transducer  electronics  and 
Brownian  motion  of  the  microphone  diaphragm.  Experimentally  Kreuzer 
observed  that  contaminants  restricted  an  accurate  determination  of  absorber 
concentration. 

In  an  attempt  to  improve  the  optoacoustic  technique,  Dewey  and  co- 
workers33 modulated  the  excitation  beam  at  a frequency  corresponding  to 
a natural  (Helmholtz)  frequency  of  the  sample  cell  thus  producing  a reso- 
nant spectrophone  signal.  This  work  demonstrated  an  enhancement  of  the 
pressure  signal  at  or  near  the  resonant  frequencies  of  the  instrument.  When 
compared  to  a nonresonant  spectrophone  their  device  has  a relatively  large 
volume-to-surface  area  ratio  which  should  serve  to  reduce  the  problems  of 
contamination.  However,  this  method  requires  very  high  acoustic  "Q"  values 
which  make  it  extremely  sensitive  to  variations  in  either  the  modulation 
frequency  or  speed  of  sound  in  different  gas  samples. 

Deaton,  et  al.3^  improved  the  sensitivity  of  the  basic  spectrophone 
by  designing  a nonresonant  differential  instrument  consisting  of  two  isolated 
chambers  connected  by  a single  IR  window.  This  instrument  achieved  a sub- 
stantial reduction  in  the  false  pressure  signal  produced  at  the  end  windows 
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by  a technique  which  will  be  thoroughly  discussed  later  in  this  chapter  when 
the  OSU  differential  spectrophone  is  considered.  Recently  the  optoacoustic 
technique  has  come  into  widespread  usage  in  the  study  of  common  atmospheric 
gases  and  pollutants33-  . Schncll  and  Fischer  have  used  a nonresonant  Pyrex 


spectrophone  to  investigate  the  toxic  gas  phosgene  and  the  isotopes  of  NO 
and  water  vapor  at  CO  and  CO„  laser  frequencies'  Menzies  and  Shumat< 
have  also  studied  water  vapor  absorption  at  C04n  and  COg41  laser  lines. 
The  technique  has  been  used  with  a tunable  HeNe  laser  source  by  Zuev  et 
al.  to  measure  halfwidth,  line  strength  and  line  center  frequency  of  met 


1 O 

and  its  isotope  CH 


methane 


1,.  At  this  laboratory,  we  have  used  the.spectrophon£ 
for  several  years  in  tne  study  of  molecular  absorption  at  DF44  and  CO*  z 
laser  frequencies.  In  this  section  the  two  basic  theories  used  in  formulating 
an  analytic  description  of  the  nonresonant  spectrophone  will  be  given  and 
the  essential  results  discussed.  (Most  recently  Farrow  and  Richton44  have 
performed  a numerical  analysis  which  combines  the  heat  flow  solution  of 
Kerr  and  Atwood3*  and  the  rate  equation  approximation  of  Kreuzer3"  and 
Rosengren  .)  By  using  those  results,  an  analysis  of  the  fundamental  limi- 
tations on  sensitivity  will  be  given.  This  discussion  will  conclude  with  a deri- 
vation of  the  technique  used  in  obtaining  low  pressure  measurements  in  this 
study. 


1.  Basic  theory 

a.  introduction 

The  situation  to  be  analyzed  is  pictured  schematically  in  Figure  5 which 
illustrates  a laser  beam  that  passes  through  a closed  chamber  containing 
the  sample  gas.  In  these  initial  arguments,  it  will  be  assumed  that  the  win- 
dows are  nonabsorbing  and  all  the  incident  radiation  except  that  absorbed 
by  the  gas  is  transmitted  through  the  cell.  We  will  also  assume  the  chamber 
is  vacuum  tight  and  that  there  is  no  dead  space,  i.e.,  regions  not  illuminated 
by  the  laser  beam.  These  assumptions  are  necessary  to  make  the  analytic 
solution  tractable.  However,  in  practical  devices  they  are  seldom  true  so 
that  a realistic  and  complete  analysis  requires  that  they  be  dealt  with  sepa- 
rately, see  section  e. 

b.  rate  equation  description 

Kruezer's3^  analysis  of  this  problem  was  formulated  in  terms  of  a rate 
equation  that  describes  the  number  density  n^  of  molecules  which  have  been 
raised  from  the  lower  energy  state  E to  an  excited  state  E,.  An  energy 
level  diagram  for  this  situation  is  pictured  in  Figure  6.  In  this  development 
we  consider  the  case  in  which  there  is  only  one  absorption  line  with  strength 
S and  width  Av  active  in  removing  energy  from  the  incident  laser  beam.  Since 
the  excited  rotational  energy  states  relax  to  translational  energies  in  just 
a few  collisions  as  opposed  to  many  collisions  for  the  excited  vibrational 
energy  states  , it  is  assumed  that  the  rotational  temperature  remains  equal 
to  the  translation  temperature  of  the  sample  gas  molecules.  With  these  re- 
strictions the  time  rate  of  change  in  number  density  of  mplecules  in  the  higher 
vibrational  state  v'  is  given  by  the  differential  equation3 
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Figure  5.  Schematic  diagram  of  the  physical  situation  which  will  be 
described  using  the  rate  equation  approximation  of  Kreuzer  and  the 
heat  flow  solutions  of  Kerr  and  Atwood. 
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Figure  fi.  Fnergv  level  diagram  for  the  rate  equation  description 

given  by  Kreuzer. 
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(60) 


dn„ 


1 -_n  ISp 


dt 


ttAv 


'1  . m ISa 
-r  + N 

ttAv 


whore 
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“the  number  density  of  molecules  in  the  higher 
vibrational  state, 

I -the  number  of  photons  per  unit  area  and  time, 

= the  line  strength  of  the  absorption  line, 

Av  - the  line  width  of  the  absorption  line, 

NJ  - the  number  density  of  absorbing  molecules, 
n - the  probability  that  a molecule  in  the  lower  vibrational 
state  is  also  in  the  rotational  state  which  is  the  lower 
state  of  the  transition, 

y = the  probability  that  a molecule  in  the  upper  vibrational 
state  is  also  in  the  rotational  state  which  is  the  upper 
state  of  the  transition  , 

T(~.  = the  collisional  lifetime  in  the  upper  vibrational  state, 
tr  = the  radiation  lifetime  in  the  upper  vibrational  state, 

1 . _-l  v-1 


and 


T'  =(TC 
6 = a ' 


+ T 


R 


) 


This  equation  can  he  simplified  by  defining  two  new  quantities,  t.=  (ttAv)/(i  s) 
and  th(  3/  Tj+i/t')-1  so  that  Equation  (60)  becomes  ° 


dn^ 

dT 


-n. 


+ 

TI 


(61) 


1 

which  is  merely  a special  case  of  Bernoulli's  differential  equation.  The 
solution  is 


n^t)  = e"t/x 


where  r is  a constant. 


f etVT  *L»df  + C 
Jo  T1 


(62) 


At  this  stage  it  will  prove  fruitful  to  deviate  from  the  analysis  proposed 
by  Kreuzer  and  instead  consider  that  which  Rosengren4”  developed  by  also 
using  Equation  (61).  In  Kreuzer's  original  work  the  radiation  intensity  was 
assumed  to  have  the  time  dependent  form 


I 


!o<l 


+ 6 sin  wt), 


tR  3) 


i.e.,  the  laser  beam  is  modulated  at  a frequency  u/2ti  with  a modulation  depth 
5 . However,  the  most  common  laboratory  form  of  I is  that  pictured  in  Figure 
7,  which  gives  the  beam  intensity  produced  by  a rotating  chopper  wheel  such 
as  that  used  in  the  experiments  performed  in  this  study.  It  is  assumed  in 
this  figure  that  the  velocity  of  the  wheel  is  such  that  the  beam  is  switched 
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Figure  7.  Schematic  plot  of  laser  power  vs  time  when  chopped 
by  a rotating  mechanical  blade. 

on  and  off  in  a time  t that  is  much  smaller  than  the  period  T^i.e.,  t~  «T. 
Substituting  the  intensity  wave  form  shown  in  Figure  7 and  applying  the  ap- 
propriate conditions  at .the  end  points  yields  the  following  solution  for  nJt) 
in  the  interval  0<t<T4 


Na 
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-t/r  1-e 
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V TI 
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1-e 
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The  pressure  variations  in  the  sample  gas  are  found  by  using  the  dif- 
ferential equation  ^2 


dP_  2 r nl(t) 
dt~;5  


(p-p0) 


(65) 


Irp  l rp 

together  with  the  results  given  by  Equation  (64),  where 

p(t)  = the  time  dependent  pressure, 

PQ  = the  equilibrium  pressure, 

E = the  energy  difference  between  the  levels  of  the  transition, 
Trp  = the  thermal  relaxation  time  of  the  sample  cell. 

79 


Making  the  reasonable  assumptions  that  t«  t_  and  T'the  pressure  variations 
in  the  interval  0<^Tare  given  by 


P(t)  = 1 


~t/ 

+ A (1-Be  ) 

HKn 
v 1 
+-* 
v 1 
o 

— (t— T/2)/  tt 
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(66) 
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i±tiT 

2£N  at  t 
where  A = 


3t 


CTI 


and 


B = . 


^T7Tj- 


1 + e 


Equation  (66)  is  the  desired  result,  giving  an  analytical  expression  for  the 
pressure  signal,  P(t)-P  in  a sample  cell  of  arbitrary  geometry  when  illumi- 
nated by  a uniform  laser  beam.  A normalized  plot  of  this  function  is  given 
in  Figure  8;  the  true  amplitude  of  this  signal  is  directly  proportional  to  the 


radiation  energy  absorbed  by  the  gas,  since  — equals 

TI 


*oSa 

ttAv 


as  would  be 


expected.  Interaction  with  the  walls  of  the  spectrophone  are  not  included 
in  Equation  (66)  except  as  they  enter  through  the  parameter  tt,  which  is 
a function  of  the  cell  geometry.  More  will  be  said  concerning  this  solution 
when  it  is  compared  to  the  results  of  the  next  section  where  a similar  ex- 
pression is  developed  for  a cylindrical  spectrophone  in  which  the  sample  gas 
is  illuminated  by  a nonuniform  Gaussian  beam. 


c.  heat  flow  description 

Kerr  and  Atwood'*!  have  treated  the  case  of  a long  cylindrical  cell 
irradiated  by  a laser  beam  having  a "modified"  Gaussian  intensity.  Here, 
the  assumption  is  made  that  a , the  gas  absorptivity  per  unit  length,  is  much 
less  than  one  so  that  this  problem  can  be  reduced  to  finding  a solution  for 
the  one  dimensional  heat  flow  equation 


i!o  + p-1 

3r2 
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r = a dimensionless  radial  coordinate, 
a = the  cell  radius, 
p = ra 

0(r,t)  = temperature  in  the  cell  above  ambient, 
k = gas  thermal  diffusivity, 

K = gas  thermal  conductivity, 

and  A(r)  = rate  of  heat  generation  per  unit  volume  per  unit  length. 

In  this  treatment  the  nature  of  the  absorption  process  is  simply  ignored  and 
a gas  absorptivity  a is  introduced.  The  absorbed  power  per  unit  length  is 
given  by  aw  where  W is  the  beam  power. 

The  differential  Equation  (67)  can  be  easily  solved  using  the  separation 
of  variables  technique.  For  the  case  in  wluch  the  laser  beam  is  suddenly 
switched  on  at  t=0  the  solution  is  given  by31 


6(r,t)  = v(r)  + u(r,t), 

where 


v(r)  = “J?L 
4 ttK 


- 

l (-i)n(r2n-t)  | (r2-l)  e-1/b2 

n=1  b2n  nn!  b2 


is  the  steady  state  temperature  distribution  and 


(68) 


(69) 


u(r,t)=  l C J0Umr)e"(k5m  t/a  ) (70) 

m=l 

is  the  transient  temperature  solution.  In  deriving  these  expressions,  the  initial 
condition  9(r,0)  = 0 and  boundary  conditions  0(1, t)  = 0,  e(0,t)  ^ were  used. 
The  new  quantities  appearing  in  Equations  (69)  and  (70)  are  defined  as  fol- 
lows 

b = the  fraction  of  the  cell  radius  occupied  by  the  beam, 

JQ  = the  zero  order  Bessel  function, 

= the  mth  root  of  JQ,  i.e.,  JQ(£m)  = 0, 
and  Cm  = a set  of  constant  coefficients 

The  relationship  between  the  pressure  rise  and  the  temperature  rise  is  found 
by  taking  the  differential  of  the  ideal  gas  law 

^ = (71) 

P T 

where  P = nominal  pressure, 

and  T = absolute  ambient  temperature. 
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The  total  pressure  rise,  P(t)  is  found  by  evaluating  the  integral  expression 
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The  result  is 
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F>m=  a set  of  constants 


where  R = R(b)  = [ 1-hW-  J' b“2)exp{-1/b?)] 
and 

given  bv  the  expression 
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where  J1  = the  first  order  Bessel  function. 

Equation  (73)  is  more  or  less  the  desired  result  for  it  gives  the  pressure 
rise  in  a cylindrical  spectrophone  when  it  is  suddently  illuminated  by  a laser 
beam  with  Gaussian  intensity  distribution.  The  cell  and  beam  geometry  en- 
ter iq|o  tl^s  solution  through  the  dimensionless  factor  B,  the  time  constant 
t = a /k£  and  the  evaluation  of  the  constants  D . A normalized  plot  of 
this  solution  with  b as  a parameter,  is  given  in  Figure  9.  These  curves  in- 
dicate the  effects  of  spot  size  on  the  magnitude  and  shape  of  the  pressure 
signal.  As  with  the  previous  analysis  it  is  observed  that  the  pressure  rise 
is  directly  proportional  to  the  energy,  aw,  absorbed  by  the  gas.  In  the  next 
section  the  results  given  by  Equation  (73)  will  be  further  amplified  and  com- 
pared with  those  predicted  by  the  rate  Equation  analysis  in  Equation  (66). 

d.  comparison  of  descriptions 

o n 

In  section  b the  rate  equation  approximation  of  Kreuzer  was  used 
to  predict  the  pressure  signal  in  an  absorbing  sample  gas  that  is  illuminated 
bv  a chopped  source  of  radiation  with  uniform  intensity.  The  result  of  that 
analvsis,  which  is  given  by  Eauation  (66),  is  repeated  below  to  permit  easy 
comparison  with  the  expresssion  derived  by  Kerr  and  Atwood  . Their  solu- 
tion gives  an  expression  for  the  pressure  rise  in  a cylindrical  spectrophone 
under  the  assumption  that  a modified  Gaussian  beam  is  passing  through  a 
weak  absorbing  gas.  That  solution  is  also  repeated  below, 

.u-  ^ 
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Figure  9.  Normalized  step  response  of  a cylindrical  spectrophone  to  a 
Gaussian  beam  as  predicted  by  the  heat  flow  analysis  of  Kerr  and 
Atwood.  In  this  figure  b,  the  fractional  illumination  of  the  cell, 
serves  as  the  parameter  for  these  curves,  i.e., 

b=0, b=.25, b=0.3. 
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Rate  Equation  Solution: 
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Heat  Flow  Solution: 


P(t)  = PQ  + 


aWP 
4 nKT 


[B(b)+  l D e 
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(76) 


The  equation  (75a)  corresponds  to  the  forced  response  of  the  gas,  as 
does  Equation  (76);  thus,  it  is  reasonable  to  compare  the  forms  of  these  two 
equations.  Before  doing  this  it  is  necessary  to  consider  the  values  which 
the  various  Dm  assume.  These  values  are  a function  of  b,  the  fraction  of 
the  cell  radius  occupied  by  the  beam,  so  it  will  also  be  necessary  to  choose 
b.  A reasonable  choice  is  b=0.20,  in  which  case  the  D are  as  shown  in  Table 
2.  Equation  76  can  then  be  rewritten  m 
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where  the  terms  containing  r»m,  m=2,3,4,...  have  been  neglected  because 
D.  >>  r»m,  m=2,3,4,....  A comparison  of  this  expression  with  the  correspond- 
ing one  given  by  Equation  (75a)  shows  they  are  indeed  of  the  same  form,  al- 
lowing for  the  fact  that  the  latter  represents  a part  of  the  steady  state  solu- 
tion for  a periodic  source.  If  the  analysis  of  section  b is  repeated  for  a step 
input,  the  rate-equation  method  gives  the  solution 


P(t)  = p +2 
o 3 
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(78) 


which  has  exactly  the  same  form  as  Equation  (77).  In  the  exact  heat  flow 
solution,  see  Equation  (73),  an  infinite  series  of  terms  is  required  to  model 
the  response  for  a Gaussian  beam.  However,  as  the  spot  size  becomes  large, 
i.e.,  increasing  b,  the  intensity  becomes  more  uniform  and  fewer  terms  are 
required  to  describe  the  pressure  rise,  see  Table  2.  It  is  in  this  limit  that 
we  have  made  our  comparison  between  the  two  approaches. 

A direct  analogy  can  be  made  between  the  equation  describing  the  small 
pressure  signal  and  those  used  to  model  the  response  of  an  RC  network.  Con- 
sider for  example  the  circuit  shown  in  Figure  10  where  an  RC  network  with 
a time  constant  t = RC  is  driven  by  a square  wave  voltage  input  with  ampli- 
tude VQ.  The  output  signal,  Vc  is  given  by  the  equation 
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Table  2 

Values  of  Dm  in  the  heat  flow  solution.  After  Kerr  and  Atwood. 


m 

b=0.20 

b=0.25 

1 

-1.0358 

-1.0123 

2 

0.1045 

0.08683 

3 

-0.0211 

-0.0141 

4 

0.0056 

0.0024 

5 

-0.0010 

-0.0004 

6 

0.0004 

b=0.30 

-0.9728 

0.0704 

-0.0084 

0.0009 

-0.0001 


Figure  1 0.  AnRC  circuit  analog  to  the  spectrophone. 
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(79) 
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which  has  exactly  the  same  form  as  Equation  (66). 


It  is  interesting  to  explore  this  analogy  to  determine  the  effects  which 
the  time  constant  x,  period  and  source  amplitude,  V f have  on  the  signal 
magnitude.  In  Figure  10  we  define  the  signal  magnitud?  to  be  the  peak  to 
peak  voltage  of  Ve,  i.e.,  the  quantity  Vgi  . Analysis  of  Equation  (79)  shows 


Vsig  = VQ  tanh(Y/4  x)  , (80) 

which  simply  says  that  it  is  desirable  to  have  Vq  and  T/4Tas  large  as  possible. 

The  rate  at  which  the  pressure  rises  to  its  steady  state  value  (or  ctecays 
to  the  equilibrium  pressure)  is  determined  by  the  time  constant  Tj  or  a /k^2, 

depencUng  on  which  solution  one  applies.  From  Kreuzer's  analysis22  T % 
cv(2a)Z  T ~ 

, which  gives  a time  constant  of  ^0.3  seconds  for  air  at  atmospheric 

pressure  and  room  temperature  in  a 1 cm  diameter  cell.  Evaluation  of  a2/k^2 
under  similar  circumstances  gives  % 0.2  seconds.  If  we  assume  a value  for  t oV 
the  same  order  as  was  just  calculated  and  a chopping  frequency,  f ^ 10  Hz  Eq- 
uation (80)  can  be  approximated  by 


'v.V 
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/ ? 
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V T/4t  « 1, 


(81) 


which  says  that  the  signal  amplitude  is  linear  in  the  period  T,  (this  has  also 
been  observed  experimentally),  and  falls  off  as  the  radius  squared. 

In  the  case  of  a cylindrical  cel!  and  a Caussian  laser  beam  the  source 
amplitude,  Vq>  corresponds  to  the  coefficient  - 

4?rKT 


V mathematical  symbol  "for  all". 


37 


in  Equation  (77).  The  amplitude  term  is  linear  with  respect  to  the  energy 
absorbed,  '»W,  and  total  pressure,  P;  it  is  inversely  proportional  to  equilibrium 
temperature  T and  the  thermal  conductivity,  K of  the  gas.  Combining  all 
of  these  results,  and  noting  that  k=  K/PC  Equation  (81)  can  be  written 
in  more  explicit  form  as 


V . 
sig 


where 


and 


aW  T E2  R 

1 7T  v T/4t  « 1. 

16ttCv  a m 

m = gram  molecular  weighty 
R = gas  constant, 

= specific  heat  at  constant  volume, 
T*  = the  period  = 1/f , -- 

f = the  chopping  frequency, 


(82) 


This  equation  says  that  the  amplitude  of  the  pressure  signal  is  independent 
of  temperature  and  pressure,  i.e.,  it  depends  only  upon: 


1.  the  energy  absorbed 

2.  the  thermodynamic  properties  of  the  gas 

3.  the  diameter  of  the  cell 

4.  the  chopping  frequency 

/ 

assuming  that  T/4t  <<  1 is  valid. 


e.  limitations  on  sensitivity 


The  absorption  levels  measured  in  this  study  were  all  on  the  order  of 
0.01  km-1  or  greater  so  that  efforts  to  achieve  the  ultimate  in  sensitivity 
for  a spectrophone  were  not  warranted.  However,  the  background  noise  at- 
tributable to  window  and  wall  effects  was  considered  here.  Window  noise 
was  reduced  by  the  use  of  a Brewster  angle  differential  spectrophone  and 
the  false  signal  produced  by  absorption  at  the  walls  was  controlled  by  precise 
alignment  of  the  laser  beam  through  the  cell.  In  applications  where  extremely 
low  level  gas  concentrations  are  being  detected  both  of  these  problems  (false 
window  and  wall  signals)  plus  noise  in  the  pressure  transducer  and  its  associ- 
ated electronics,  become  critical  limitations  on  sensitivity. 

1.  window  signal  (noise) 


Absorption  by  the  end  windows  results  in  a temperature  rise  which  heats 
the  sample  gas,  producing  a nearly  inphase  pressure  signal.  The  optoacoustic 
technique  has  often  been  used  to  study  solids;  in  fact  A.  G.  Bell's  original 
discovery^9  was  made  when  he  observed  that  modulated  light  incident  upon 
a solid  could  produce  an  audible  sound.  In  principle  this  window  signal  will 
remain  constant  in  magnitude  and  phase,  which  allows  it  to  be  easily  elimi- 
nated by  either  electronically  or  numerically  subtracting  it.  However,  when 
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the  absorption  signal  and  window  noise  are  of  the  same  order  small  variations 
in  the  background  (which  are  experimentally  observed)  seriously  reduce  ac- 
curacy and  sensitivity.  Absorption  by  windows  in  an  optoacoustic  device 
has  been  studied  by  Parker47  who  concludes  that  the  effect  can  be  attributed 
to  a surface  layer  on  the  window  and  is  possibly  related  to  surface  conduc- 
tivity. Parker  has  also  shown  that  the  magnitude  of  the  window  signal  falls 
off  with  both  pressure  (it  is  linear  w.r.t.  P*)  and  frequency. 

Several  approaches  have  been  taken  to  reduce  the  window  signal24’3 4®’4** 
among  which  are: 

1.  The  differential  instrument,  which  will  be  described  in  section 
R.2.  of  this  chapter. 

?.  ^he  two-path  detector,  which  attempts  to  produce  a constant, 
i.e.,  0 Hz,  background  window  signal  that  synchronous  detection 
would  filter. 

3.  The  baffle  technique,  which  uses  a set  of  obstructions  (baffles) 

near  each  window  to  check  the  flow  of  gas  and  thus  restrict  prop- 
agation of  the  window  signal.  This  is  done  to  isolate  the  center 
section  of  the  spectrophone  where  the  pressure  transducer  is  lo- 
cated. 

2.  wall  signal  (noise) 

Heating  at  the  cell  walls  can  also  be  a very  significant  problem  and 
is  a second  source  of  background  noise.  Relatively  little  work  has  been  done 
to  study  this  phenomenon  but  experimentally  we  have  observed  that  a very 
large  background  signal  results  from  permitting  the  laser  beam  to  approach 
a cell  wall.  The  magnitude  of  this  signal  is  very  sensitive  to  small  changes 
in  beam  alignment  so  that  this  situation  is  strictly  to  be  avoided.  Two  meth- 
ods are  available  to  deal  with  the  problem.  They  consist  of  focusing  the  laser 
beam  and/or  increasing  the  diameter  of  the  spectrophoqe.  Equation  (82) 
indicates  that  response  of  an  instrument  falls  off  as  1/a2,  where  a is  the  radius 
of  the  cell.  In  this  work  a beam-reducing  telescope  was  used  to  achieve  a 
minimum  spot  size  inside  the  cell  . 

3.  transducer  noise 

09 

In  his  study  on  the  ultimate  sensitivity  of  speetrophones,  Kreuzer 
analyzed  the  noise  produced  bv  Brownian  motion  of  the  microphone  diaphragm 
and  Johnson  noise  in  theamplifier  electronics.  He  concluded  that  Brownian 
noise,  which  varies  as  A , where  A is  the  surface  area  of  the  microphone, 
may  ultimately  be  the  limiting  noise  source  in  extremely  sensitive  instruments. 
Experimentally,  he  observed  that  the  microphone  electronics  were  the  most 
significant  source  of  noise.  Like  Kreuzer,  we  have  also  found  "electronic" 
noise  to  be  a significant  problem,  however  for  a different  reason  than  Johnson 
noise  and  Brownian  motion. 
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Mechanical  vibrations  in  the  laboratory  induced  motion  of  the  capaci- 
tance manometer  diaphragm  which  produced  low  frequency  noise  in  the  out- 
put of  the  transducer  electronics.  We  have  also  observed  120  Hz  ripple  in 
the  dc  amplifiers  produced  by  inadequate  filtering  in  the  power  supply.  The 
vibration  problem  was  controlled  by  removing  all  vacuum  pumps  from  the 
spectrophone  laboratory  and  mounting  the  limestone  optical  table  on  vibra- 
tion isolators. 

The  last  source  of  false  background  signal  to  be  discussed  is  thermal 
instability  of  the  spectrophone.  From  Charles'  law  we  have  that  in  a closed 
volume  the  change  in  pressure  is  proportional  to  the  change  in  temperature, 

AP  N L 

= V R whif>h  says  that  a AT  of  4 x 10  K will  correspond  to  a AP  = 10  3 

Torr.  This  would  represent  a very  undesirable  situation  since  a AP  of  10~S 
Torr  is  easily  on  the  order  of  signals  which  are  measured  in  absorption  studies. 

The  significance  of  this  problem  can  be  observed  by  considering  the 
plot  given  in  Figure  11  which  shows  the  output  of  the  pressure  transducer 
produced  by  temperature  instabilities  that  were  artificially  induced  in  the 
spectrophone.  This  plot  was  obtained  while  the  temperature  controller,  see 
section  B.2.,  was  being  used  to  maintain  the  cell  at  a temperature  5°C  above 
ambient.  A temperature  probe  in  the  body  of  the  spectrophone  indicated 
that  Jjhe  stainless  steel  body  of  the  instrument  was  stable  to  at  least  1 part 
in  10  ; however,  as  can  be  seen  from  the  figure,  a sizable  variation  in  pres- 
sure is  evident.  The  implication  here  is  that  temperature  instability  could 
easily  be  one  of  the  more  significant  problems  in  optoacoustic  studies.  The 
variations  present  in  Figure  11  were  significantly  reduced  for  this  study  by 
employing  the  following  measures: 

1.  the  body  of  the  spectrophone  was  covered  with  insulation 

2 the  entire  apparatus,  pressure  transducer  and  spectrophone  were 
enclosed  in  a plexiglass  box 

3.  a leak  valve  was  used  to  reduce  the  effects  of  long-term  drifts, 
see  section  B.2 

4.  a more  accurate  temperature  controller  is  now  being  employed 
with  the  circulating  bath. 

f.  low  pressure  measurements 
1.  introduction 

If  the  spectrophone  were  limited  in  its  application  to  measurements 
at  atmospheric  pressure,  it  would  still  be  a very  useful  and  promising  research 
tool  but  there  is  no  reason  why  it  should  not  be  capable  of  performing  meas- 
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igure  11.  Pressure  variations  produced  by  induced  temperature  variation  of  the  sample  cell 


urements  at  lower  pressures.  When  an  absorbing  sample  is  being  measured, 
a fraction  of  the  incident  radiation  is  absorbed  by  the  gas  and  subsequently 
converted  from  vibration-rotational  energy  to  translational  energy.  The 
question  which  must  be  asked  here  is,  how  do  changes  in  the  total  pressure 
of  the  sample  gas  affect  the  rate  at  which  this  process  occurs?  Or,  how  is 
the  magnitude  and  phase  of  the  pressure  signal  influenced  by  the  total  pres- 
sure of  the  sample  gas?  Looking  at  Equation  (82)  it  would  appear  that  the 
magnitude  will  not  be  a function  of  pressure,  at  least  to  first  order  of  the 
theory  presented  in  this  chapter  and  subject  to  the  condition  that  T/4t  «1. 
The  purpose  of  this  section  is  to  develop  a simple  theory  based  on  the  model 
given  by  Equation  (79)  which  will  answer  these  questions  and  justify  the  tech- 
nique used  to  obtain  the  pure  water  vapor  results  which  are  described  in  Chap- 
ter V. 

2.  previous  work 

Nearly  all  applications  of  the  optoacous  technique  have  involved 
measurements  performed  at  or  near  a total  pre..jure  of  1 atm.  Recently, 
several  workers  have  applied  this  optoacoustic  technique  to  perform  or  dem- 
onstrate the  feasibility  of  measurements  at  lower  pressures.  Abrams^1  has 
used  the  spectrophone  to  measure  the  broadening  coefficients  for  the  10 
ym  P(20)  CO  laser  transition.  By  looking  at  the  normalized  output  of  a 
spectrophone  as  a waveguide  CO„  laser  was  tuned  across  the  absorption 
line,  he  was  able  to  measure  bothnne  shape  and  width.  For  this  study  only 
relative  absorption  levels  were  required.  Patel"  has  demonstrated  the  po- 
tential for  absolute  measurement  at  low  pressures  by  giving  a calibration 
procedure.  Recognizing  the  pressure  dependence  in  the  vibrational  to  trans- 
lational energy  exchange  process  he  has  used  samples  with  constant  absorber 
concentration  in  at  different  pressures  to  give  a calibration  for  the  opto- 
acoustic signal  of  ms  instrument. 

3.  a technique 

The  first  step  in  finding  a method  for  calibration  is  to  obtain  the  ex- 
plicit pressure  dependence  of  the  optoacoustic  signal  as  it  will  be  measured 
in  the  laboratory.  To  accomplish  this  it  is  necessary  to  consider  how  the 
pressure  signal  will  be  processed  by  the  synchronous  detection  system,  i.e., 
the  lock-in  amplifier  is  designed  so  that  its  output  gives  the  phase  sensitive 
RMS  voltage  at  the  fundamental  frequency  of  the  input  signal.  This  requires 
that  we  examine  the  Fourier  series  representation  of  Equation  (79)  which 
is  given  by 
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So  that  to  first  order  the  output  from  the  lock-in  amplifier  will  be  given  by 
the  RMS  value  of  the  signal  represented  by 
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The  pressure  dependence  of  Equations  (85)  and  (86)  resides  in  the  amplitude, 
and  time  constant,  t , which  are  given  by 

otWP 


and  a respectively.  This  permits  t and  VQ  to  be  rewritten 
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where  x°  = t(P-Pq)  and  V°(PQ).  Substitution  finally  yields 
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Equations  (89)  and  (90)  are  the  essential  results  which  predict  how  the 
magnitude  and  phase  of  the  acoustic  signal  will  change  with  pressure.  A 
plot  of  these  equations  as  a function  of  pressure  is  given  in  Figures  12a  and 
b.  The  results  of  the  analysis  reveal  that,  even  to  first  order,  the  acoustic 
signal  is  a nontrivial  function  of  pressure  and  that  an  accurate  calibration 
of  the  spectrophone  can  only  be  obtained  from  a direct  comparison  with  White 
cell  data.  The  procedure  for  this  calibration  will  be  described  in  section 
A. 3 of  Chapter  V. 


2.  The  OSU  differential  spectrophone 

The  spectrophone  used  in  this  study  is  a stainless  steel  nonresonant  dif- 
ferential instrument  with  ZnSe  Brewster  windows.  It  was  designed  with  the 
intention  of  eliminating  that  portion  of  background  noise  caused  by  the  ab- 
sorption of  laser  radiation  in  the  IR  windows.  The  theory  employed  here  was 
originally  tested  and  developed  on  an  aluminum  spectrophqne  which  served 
as  the  prototype  for  the  current  stainless  steel  instrument53.  Several  re- 
finements have  been  made  in  the  construction  of  the  new  spectrophone  which 
make  it  more  versatile  and  reliable  than  its  precursor. 


The  most  significant  improvement  is  the  addition  of  temperature  con- 
trol capability.  The  stainless  steel  walls  of  the  spectrophone  were  drilled 
with  a spiralling  series  of  holes  that  conduct  a water-alcohol  mixture  which 
is  used  as  the  heat  exchange  fluid.  Insulation  has  been  installed  around  the 
instrument  to  improve  the  temperature  range  of  this  system  and  to  insure 
a uniform  temperature  distribution.  The  ZnSe  windows  permit  the  study 
of  samples  with  high  relative  humidities;  the  previous  aluminum  instrument 
was  limited  by  the  hydroscopic  property  of  NaCl  windows. 


a.  theory  of  operation 

The  instrument  concept  shown  schematically  in  Figure  13  was  conceived 
by  Professor  E.  K.  Damon  to  improve  sensitivity  by  employing  a differential 
technique  to  reduce  window  noise.  Our  experience,  like  that  of  Kerr  and 
Atwood31,  had  shown  that  the  principal  problem  associated  with  the  optimum 
sensitivity  of  a spectrophone  originates  from  the  false  pressure  signal  pro- 
duced by  absorption  in  the  end  windows.  This  "window  noise"  is  observed 
in  the  form  of  a coherent  signal  that  inevitably  limits  the  signal  to  noise 
ratio  and  thus  defines  a lower  limit  on  sensitivity. 
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Figure  1 2a.  Normalized  optoacoustic  signal  vs  pressure  with  ojt  ° 

as  a parameter. 
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LEAK  VALVE 


The  differential  spectrophone  which  appears  in  Figure  13  was  designed 
to  minimize  this  problem.  In  order  to  accomplish  this  objective,  two  chambers 
of  different  lengths  but  equal  volumes  are  joined  together  with  a single  win- 
dow that  serves  to  isolate  the  two  sections.  When  the  instrument  contains 
an  inert  sample  gas  the  pressure  rise  produced  by  the  windows  in  each  chamber 
will  appear  as  equal  signals  (in  magnitude  and  phase)  on  opposite  sides  of 
the  pressure  sensor.  In  theory,  this  should  not  produce  any  deflection  of  the 
sensor  diaphragm  and  therefore  (in  theory)  no  "window  signal"  will  be  observed. 

When  an  absorbing  gas  sample  is  being  measured,  the  pressure  signal 
in  cells  A and  B will  consist  of  two  parts  - 


1.  that  produced  by  window  absorption 

2.  that  produced  by  molecular  absorption. 

Assuming  that  all  windows  and  both  volumes  are  equal,  the  window  signal 
will  be  equal  in  both  chambers  and  therefore  cancel.  The  radiation  energy 
absorbed  by  the  sample  gas  is  proportional  to  path  length  so  that  the  molecu- 
lar absorption  signal  will  be  greater  in  cell  A than  in  cell  B.  Thus,  the  re- 
sponse of  this  instrument  is  roughly  equivalent  to  that  of  a conventional  spec- 
trophone whose  length  is  equal  to  the  difference  between  that  of  cell  A and 
cell  B with  the  important  difference  that  there  should  be  no  false  window 
signal. 


SpectrpphoneLmeasurements  require  that  pressure  variations  on  the 
order  of  10  4 - 10  ‘ Torr  be  detected.  This  makes  it  necessary  to  equalize 
the  static  pressure  across  the  transducer  head  to  within  its  working  range. 

In  the  present  design,  this  is  accomplished  by  employing  a micro-metering 
(leak)  valve  between  the  two  chambers.  With  this  method  a balance  is  auto- 
matically achieved  without  any  adjustments  to  system  parameters  such  as 
cell  volume. 


b.  construction  details 

A schematic  diagram  of  the  stainless  steel  differential  spectrophone 
is  shown  in  Figure  14.  This  drawing  shows  the  two  end  window  adapters 
on  which  the  ZnSe  windows  are  mounted  at  the  Brewster  angle.  The  two 
cells,  A'  and  B'  are  separated  by  a third  window  that  is  also  mounted  at  the 
Brewster  angle.  Not  shown  in  this  figure  is  the  extensive  heating-cooling 
capability  which  has  been  designed  into  this  system. 


, The  principal  problem  encountered  in  our  previous  work  was  contami- 

nation of  the  sample  gas,  especially  when  water  vapor  was  being  studied  . 
The  current  instrument  was  designed  with  the  objective  of  preventing  this 
,J  problem  by  using  high  vacuum  technology  to  achieve  an  ultra  clean  system. 

To  this  end  an  all  stainless  steel  instrument  was  built  with  welded  joints  and 
high  vacuum  ultra  Torr  fittings.  The  result  was  a chamber  which  can  achieve 
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' vacuum  on  tho  order  of  in  Torr.  After  final  cleaning  procedures  were 
completed  this  instrument  showed  no  signs  of  contaminants,  even  after  cir- 
culating a water  vapor  sample  for  nearly  one  hour.  This  instrument  is  shown 
in  Figure  t 5. 

The  body  of  the  spectrophone  is  constructed  of  #304  stainless  steel. 

The  entire  instrument  is  62.5  cm  long,  including  the  window  adapters  at  each 
end  which  are  13.3  cm  in  length.  "The  cell  A'  measures  approximately  5 x 
^ x cm  and  includes  a 29.5  cm  long  hole  through  the  center  which  was 
reamed  and  polished  to  a final  diameter  of  1.03  cm.  The  short  section  B' 
measures  approximately  5 x 5 x 6.35  cm.  This  cell  offers  a relatively  short 
path  for  the  incident  radiation  but  has  been  machined  to  comprise  a volume 
equal  to  that  of  the  long  chamber,  i.e.,  30  cc. 

The  ZnSe  windows  were  cemented  to  the  adapters  with  Stycast  #2850GT, 
a low  vapor  pressure  sealant  with  high  thermal  conductivity.  This  latter  prop- 
erty is  important  in  that  heating  of  windows  by  the  laser  beam  will  be  re- 
duced by  heat  transfer  to  the  stainless  steel  through  the  Stycast.  In  principle, 
this  should  further  reduce  the  magnitude  of  the  window  signal.  The  ZnSe 
windows  at  each  end  are  3 mm  thick,  while  the  center  window  is  1 mm  thick. 
The  1 mm  thickness  was  used  to  reduce  the  vertical  shift  in  the  beam  as  it 
passes  from  the  long  cell  into  the  shorter  chamber. 

c.  temperature  control  system 

The  spectrophone  used  in  this  work  was  designed  to  include  a tempera- 
ture control  capability  which  enables  absorption  to  be  studied  as  a function 
of  temperature.  Roth  the  long  and  short  cells  were  drilled  with  a spiralling 
series  of  0.48  cm  holes  that  permit  a fluid  to  circulate  through  the  stainless 
steel  block.  The  end  window  holders  are  fitted  with  a hollow  sleeve  that 
is  brazed  shut  at  both  ends  of  the  adapter.  These  sleeves  permit  the  heat 
exchange  fluid  to  pass  up  and  around  both  ends  of  the  cell  and  insure  a uni- 
form temperature  for  the  sample  gas  near  the  windows.  Finally,  the  whole 
spectrophone  is  covered  with  sound  proofing  material  and  1.27  cm  of  thermal 
insulation. 

The  temperature  of  the  heat  exchange  fluid  (a  water-alchohol  mixture) 
is  controlled  by  a Yellow  Springs  Model  63  temperature  controller,  that  was 
adpated  for  use  with  a Lauda  K-2/R  circulating  bath.  Figure  16  shows  the 
configuration  of  this  control  system.  A stability  on  the  order  of  0.001°C 
for  at  least  1 hour  was  observed  with  a Stow  Lab.  temperature  probe  that 
is  located  in  the  center  of  the  long  cell.  In  these  studies  the  temperature 
control  facility  was  only  used  over  a range  from  16°C  to  27°C;  as  a conse- 
quence it  was  assumed  unnecessary  to  regulate  the  temperature  of  other 
external  plumbing. 
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Figure  16.  Block  diagram  of  the  temperature  control  system 
for  the  spectrophone. 
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CHAPTER  IV 
THE  EXPERIMENTS 


This  chapter  serves  to  describe  the  equipment  and  techniques  employed 
in  obtaining  the  data  which  will  be  presented  in  Chapter  V.  The  discussion 
includes  a detailed  account  of  the  tests  performed  on  the  spectrophone  and 
White  cell  apparatus.  These  tests  were  performed  to  explore  and  define  the 

■ accuracy  of  each  experiment  in  several  critical  areas.  For  instance,  the 
results  of  White  cell  measurements  at  high  transmittances  are  extremely 

■ sensitive  to  changes  in  the  background,  i.e.,  the  transmission  measured  with 

* a nonabsorbing  sample  present,  stability  tests  were  performed  to  predict 

the  magnitude  of  this  problem  by  measuring  these  variations  during  the  course 
of  a typical  experiment. 

■ Spectrophone  results  are  susceptible  to  quite  a different  set  of  experi- 
mental problems  among  which  is  calibration.  Calibration  data  for  the  spectro- 

H phone  must  ultimately  come  from  White  cell  measurements,  which  are  typi— 

& cally  most  accurate  and  hence  reliable  when  the  transmittance  is  much  less 

than  90%.  However,  the  most  useful  and  interesting  applications  for  spectro- 

■ phone  measurements  are  those  in  which  the  absorption  is  quite  low,  i.e.,  at 

| least  an  order  of  magnitude  smaller  absorption  than  for  a desirable  calibra- 

tion level.  Inherent  in  this  procedure  is  the  extrapolation  of  the  calibration 
results  down  to  the  signal  level  at  small  absorption  where  the  instrument 

I is  intended  to  be  fruitfully  employed.  This  requires  that  the  response  of  the 

1 spectrophone  as  a function  of  signal  level  be  accurately  determined,  since 

it  would  be  an  oversight  to  assume  that  this  instrument  must  respond  in  a 
$ linear  fashion.  A description  of  this  experiment  as  well  as  other  significant 

I experimental  procedures  and  tests  are  included  in  section  B.  Section  A con- 

tains a description  of  the  equipment  employed  in  this  study. 

I A.  The  Experimental  Apparatus 

1.  CO g Laser 

I The  laser  used  in  these  experiments  is  a sealed  off  cw  CO„  laser  which 

is  grating  tunable  for  single  line  operation  and  electronically  stabilized  to 

■ maintain  a stable  output  power  at  line  center.  Output  power  for  the  laser 

| lines  studied  varied  from  1/4  to  4 watts  when  the  laser  was  operating  in  the 

TEM  mode,  This  laser  is  tunable  over  both  the  10  pm  (00°1-10°0)  and  9 
pm  (ou°l-02°0)  bands,  however,  the  number  of  lines  observed  in  the  9 pm 
| band  was  substantially  smaller  and  limited  the  frequencies  studied  in  this 

™ region.  Unique  features  of  this  laser  are  the  configuration  of  the  resonant 

cavity  and  an  etalon  output  mirror  which  often  prohibited  laser  operation 
at  several  lines  where  lasing  action  could  normally  be  expected.  Coping  with 
™ this  latter  property  required  special  consideration  that  will  be  described  shortly. 
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The  resonant  eavity  for  tlie  t’0„  laser,  shown  schematically  in  Figure 
17,  consists  of  n flat  grating,  a spherical  "turning"  mirror,  mounted  on  a PZT 
transducer  and  a flat  GAs  output  window.  For  this  type  of  resonator  the 
stability  condition  can  be  shown  to  be 


where  the  distances  L,  and  L2  are  illustrated  in  the  figure  and  R is  the  radius 
of  curvature  of  the  spherical  mirror.  For  the  present  situation  we  have  = 
1.1  m,  L2  = 0.3  m,  and  R = 3m,  so  that  the  inequality  becomes 

0 <0.21  <1  (92) 

and  is  satisfied.  The  motivation  for  this  particular  cavity  configuration  comes 
from  the  internal  flat  output  mirror  which  was  supplied  by  the  manufacturer 
of  the  plasma  tube.  (This  tube  was  supplied  in  a Sylvania  model  048  multiline 

r°2  laser-)  The  use  of  a flat  grating  in  the  cavity  requires  that  a focusing 
element  be  included  so  as  to  achieve  a stable  resonant  cavity;  this  can  be 
seen  by  letting  R-*»  in  Equation  (91),  i.e., 


lim 

R+“ 


(93) 


Letting  R*™  is  equivalent  to  making  the  spherical  turning  mirror  flat  which 
is  equivalent  to  removing  the  turning  mirror  and  placing  the  grating  on  the 
optic  axis  of  the  plasma  tube  a distance  (L.+l2)  away  from  the  GAs  window. 
The  inequality  now  reads  1 


0 < 1 < 1 


(94) 


and  is  not  satisfied  for  any  distances  L^,  l2. 
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Figure  17.  Schematic  diagram  of  C02  laser  optics. 
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An  interesting  aspect  of  this  laser  is  introduced  by  the  presence  of 
the  gallium  arsenide  flat,  which  serves  as  the  output  mirror,  i.e.,  it  is  used 
as  an  etalon.  This  means  that  the  output  mirror  is  frequency  selective  and 
on  cold  start  will  not  allow  operation  on  some  laser  lines.  However,  the  etalon 
is  temperature  sensitive  so  that  its  frequency  properties  can  be  temporarily 
altered  by  heating  or  cooling.  When  this  difficulty  arises  it  can  generally 
be  resolved  by  the  two  methods  described  below.  The  first  consists  of  run- 
ning the  laser  on  a nearby  "operable"  line,  thus  heating  the  output  window, 
and  then  quickly  re-adjusting  the  grating  for  the  desired  laser  line.  The  sec- 
ond technique  involves  the  local  heating  of  the  air  surrounding  the  GaAs  window 
using  heating  tape  connected  to  a variac.  By  combining  these  methods,  satis- 
factory results  were  nearly  always  obtained.  For  most  laser  lines  this  prob- 
lem was  not  significant.  Also,  the  gallium  arsenide  window  appeared  to  reach 
thermal  equilibrium  in  a brief  period  of  time  so  that  no  observable  stability 
problems  were  introduced  by  this  phenomenon. 


The  laser  operates  at  a nominal  power  of  4 watts  on  the  P(20)  line  at 
q44.194  cm"  . Because  of  the  large  power  intensities  within  the  optical  cavity, 
approximately  1000  w/cm2,  an  original  grating,  ruled  with  150  lines/mm  and 
blazed  at  8.6  ym  is  used.  This  grating  was  chosen  for  its  relatively  large 
angular  dispersion,  which  permits  precise  and  convenient  selection  of  the 
desired  lines.  Fine  tuning  of  the  resonant  cavity  is  achieved  with  translation 
of  the  spherical  "turning"  mirror  by  means  of  the  PZT  on  which  that  mirror 
is  mounted.  This  transducer  is  used  for  both  the  manual  adjustments  and 
the  electronic  stabilization  of  the  laser. 


Electronic  tuning  of  the  cavity  length  is  accomplished  by  a frequency 
stabilizer  which  is  electrically  connected  to  the  ,P,ZT.  The  stabilizer  design 
was  adapted  from  one  that  Thomason  and  Fibers05  used  with  a commercial 
laser.  In  operation,  the  stabilizer  periodically  varies  the  cavity  length  by 
a small  amount  which  causes  a small  modulation  of  the  laser  output  power 
when  operating  above  threshold.  This  variation  in  output  power  simultaneously 
produces  oscillations  in  the  plasma  impedance  which  are  synchronously  de- 
tected by  the  stabilizer.  This  signal  is  then  used  to  create  a control  voltage 
which  is  "added"  to  a manually  adjusted  PZT  bias  voltage. 

The  impedance  of  the  CO„  laser  plasma  varies  inversely  with  gain. 

By  sensing  changes  in  plasma  impedance  (error  signal),  it  is  possible  to  main- 
tain laser  operation  at  line  center  (maximum  gain)  by  adjusting  the  cavity 
length  to  continuously  minimize  impedance.  The  stabilizer  correction  signal 
is  derived  by  integrating  the  output  of  the  synchronously  detected  variation 
in  plasma  impedance  induced  by  a 520  Hz  voltage  applied  to  the  PZT,  see 
Figure  18.  The  integrated  signal  is  then  amplified  and  "added"  to  the  PZT 
bias  voltage  so  as  to  adjust  the  optical  cavity  length  to  obtain  a minimum 
error  (plasma  impedance)  signal  and  thus  maintain  maximum  gain  (line  cen- 
ter). 
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Figure  18.  Block  diagram  of  the  electronic  stabilizer  for  the  COg  laser. 


The  high  voltage  power  supply  for  the  laser  tube  is  the  "CO„  Laser 
Exciter"  unit  supplied  by  Sylvania  in  the  model  948  CO-  laser.  The  exciter 
consists  of  a variable  low  voltage  (80-160  volts)  highly  regulated  and  filtered 
dc  supply,  the  output  of  which  is  fed  to  a DC-DC  converter  that  steps  up 
the  voltage  through  a high  voltage  transformer  and  voltage  multiplying  net- 
work. The  high  frequency  AC  ripple  is  then  filtered  to  produce  a highly  regu- 
lated and  highly  filtered  dc  voltage  for  the  laser  tube.  A low  noise,  high 
voltage  source  is  essential  to  proper  operation  of  the  electronic  stabilizer 
just  described.  The  signal  used  by  the  stabilizer  is  derived  from  a small  sig- 
nal 520  Hz  voltage  in  the  plasma  tube  circuit  so  that  ripple  in  the  high  volt- 
age source  would  distort  the  desired  signal. 
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A picture  of  the  laser  is  shown  in  Figure  19.  The  plasma  tube  and  cavity 
optics  are  mounted  on  a 7.62  cm  thick  limestone  slab  which  gives  the  laser 
the  mechanical  stability  necessary  for  stable  operation.  To  assure  maximum 
stability  and  cleanliness,  the  laser  head  is  enclosed  in  a 1 cm  thick  plexiglass 
box  with  one  small  covered  opening  that  permits  adjustment  of  the  grating 
micrometer.  Figure  19  also  shows  the  flexible  rubber  hose  used  in  the  cooling 
system,  the  ballast  resistors,  which  are  cemented  to  the  top  of  the  plasma 
tube  and  the  DC-DC  converter  mounted  next  to  the  laser  tube.  The  plasma 
tube,  ballast  resistors  and  power  transistors  (in  the  DC-DC  converter)  are 
all  water  cooled  using  ordinary  tap  water.  This  laser  was  used  for  both  the 
spectrophone  and  white  cell  measurements. 

2.  Power  meters 

In  both  experiments  laser  power  was  measured  with  Scientech  model 
36-0001  disc  calorimeters,  having  an  aperture  of  2.54  cm  and  a nominal  out- 
put of  100  mv/watt.  These  detectors  have  a relatively  long  time  constant 
of  M seconds,  which  effectively  averages  out  any  short  term  variations  in 
laser  power.  During  an  experiment  the  detectors  were  enclosed  in  boxes 
so  as  to  eliminate  the  fluctuations  and  drifts  caused  by  laboratory  air  cur- 
rents. As  a result,  the  laser  power  signals  measured  by  the  data  acquisition 
system  had  standard  deviations  at  least  three  orders  of  magnitude  less  than 
the  signal  level. 

3.  Data  acquisition  sytem 

The  computer  controlled  data  acquisition  system  consists  of  a SDS  Model 
920  computer  with  8K  memory,  a typewriter,  a high  speed  24  channel  analog 
to  digital  converter,  and  dc  amplifiers56.  Each  measurement  is  performed 
by  sampling  two  channels  of  the  A/D  converter  400  times  each,  and  calculating 
the  average  and  standard  deviation  for  each  channel,  the  ratio  of  the  two 
channel  readings  is  also  calculated.  The  two  channels,  called  signal  and  ref- 
erence are  sampled  10  ms.  apart  and  there  is  a delay  of  100  msec  between 
the  pairs  of  readings.  In  operation,  the  400  samples  are  divided  into  four 
groups  of  100  samples  for  which  averages,  standard  deviations,  and  ratios 
are  calculated  and  printed  on  the  typewriter.  These  intermediate  values 
allow  the  experimenter  to  observe  trends  in  the  data  as  the  measuring  process 
continues,  i.e.,  it  indicates  whether  the  experiment  was  stable  during  the 
period  of  a measurement.  The  averaging  process  serves  to  filter  out  noise 
induced  by  room  vibration,  120  Hz  ripple  in  the  various  power  supply  elec- 
tronics, and  laser  power  fluctuations,  etc. 

Figure  20  shows  a block  diagram  of  the  data  acquisition  system.  Se- 
lection of  the  appropriate  pair  of  A/D  channels  for  the  two  experiments  is 
accomplished  by  entering  the  desired  channel  numbers  in  the  data  taking 
program  from  the  typewriter.  The  A/D  converter  used  in  both  experiments 
is  an  Epsco,  model  1400,  with  1.25  mv  resolution  (14  bit  system).  Two  dif- 
ferent sets  of  dc  amplifiers  were  used  in  these  experiments;  the  amplifiers 
used  in  the  spectrophone  experiments  are  Alinco  model  51 8A  while  those 
with  the  White  cell  are  Ectron  model  R516-6A.  The  dc  amplifiers  were  used 
to  keep  the  signal  levels  into  the  A/D  between  one  and  ten  volts  where  they 
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were  observed  to  be  most  accurate.  Calibration  of  the  dc  amplifiers  and 
A/D  is  discussed  later  in  section  B3  of  this  chapter. 

Note:  Recurring  problems  with  the  EPSCO  A/D  and  the  SDS  920  prompt- 
ed the  implementation  of  a new  data  system  in  which  an  IMSAI  8080  micro- 
computer replaced  the  920  and  an  Altair  A/D  replaced  the  EPSCO  in  the 
configuration  shown  in  Figure  20.  This  changeover  occurred  after  approxi- 
mately 75%  of  the  experimental  work  in  this  study  was  completed.  The  data 
taking  program  for  this  system  has  the  same  format  as  that  which  was  de- 
scribed previously  except  that  four  sets  of  256  data  points  are  sampled.  The 
Altair  A/D  is  a 12  bit  instrument  which  is  jumpered  to  read  0-9.9974  volts 
with  a resolution  of  2.5  mv. 

4.  Spectrophone  instrumentation 

a.  pressure  transducer 

The  pressure  sensor  used  with  the  differential  spectrophone  is  a C.G.S. 
Datametrics  Model  523-15  differential  electronic  manometer,  trade  name 
Rarocel,  whose  theory  of  operation  is  very  similar  to  that  of  a capacitive 
microphone  in  that  a flexible  diaphragm  is  placed  between  two  metallic  plates, 
creating  two  capacitors  whose  relative  values  change  with  motion  of  the 
diaphragm.  The  capacitors  are  used  to  form  opposite  legs  of  a bridge  cir- 
cuit, the  output  of  which  is  amplified  to  produce  an  analog  signal  that  is  pro- 
portional to  the  pressure  difference  across  the  diaphragm.  The  pressure  sen- 
sor has  a full  scale  range  of  one  Torr,  while  the  associated  electronics  unit 
offers  a selection  of  higher  sensitivities  down  to  10  4 Torr  full  scale. 

b.  lock-in  amplifier 

The  pressure  signal  is  processed  by  a lock-in  amplifier,  Princeton  Ap- 
plied Research  Corporation,  PAR  Model  128 A,  which  synchronously  detects 
and  integrates  the  pressure  signal.  The  reference  signal  for  the  lock-in  is 
obtained  from  an  infrared  diode-photo  transistor  pair  that  is  mounted  on 
a mechanical  chopper.  The  chopper  provides  100%  modulation  of  the  laser 
beam  at  a frequency  of  8 Hz;  this  frequency  was  selected  in  order  to  limit 
the  problems  of  DC  drift  while  maintaining  a good  signal-to-noise  ratio  for 
the+ pressure  signal.  The  analog  output  from  the  lock-in  amplifier  has  a range 
of  -1  volt  which  is  fed  into  the  signal  channel  (Alinco  dc  amplifier  set  at 
X10)  of  the  data  acquisition  system,  see  Figure  20. 

, The  lock-in  amplifier  provides  accurate  measurement  of  the  RMS  volt- 

age for  signals  corrupted  by  broad-band  noise,  power  line  pickup,  etc.  It 
does  this  by  means  of  an  extremely  narrow  band  synchronous  detector  which 
J has  the  center  of  its  pass  band  locked  to  the  frequency  of  the  desired  sig- 

nal. Recause  of  the  frequency  lock  and  narrow  bandwidth,  large  improve- 
ments in  signal-to-noise  ratio  are  achieved.  The  amplifier  has  a range  of 
sensitivities  from  1 uV  to  250  mV  full  scale;  for  this  work  only  the  2.5  mV, 

,)  10  mV  and  25  mV  ranges  were  employed.  At  the  output  of  the  lock-in,  ac 
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fluctuations  from  the  synchronous  detector  stage  are  reduced  by  a low-pass 
filter,  with  a time  constant  that  is  switch  adjustable  from  1 msec  to  100 
sec.  This  switch  on  the  PAR  was  adjusted  for  a 10  sec  time  constant  to  match 
the  response  of  the  power  meter  used  for  laser  power  measurements  in  the 
spectrophone  experiment.  Figure  21  shows  a block  diagram  of  instrumenta- 
tion associated  with  the  spectrophone  experiment. 

c.  dew  point  hygrometer 

The  partial  pressure  of  water  vapor  in  the  spectrophone  was  measured 
using  an  EG&G  industrial  dew  point  hygrometer,  model  992.  This  instrument 
has  an  accuracy  of  -0.5°F  for  dew  points  in  the  range  from  -60°F  to  120°F, 
which  corresponds  to  an  uncertainty  of  -1.8%  at  water  vapor  partial  pres- 
sures near  15  Torr.  TTie  dew  point  hygrometer  consists  of  an  optical  sensing 
bridge  network  and  an  inert  metallic  mirror  that  is  temperature  controlled 
by  a thermoelectric  cooler.  In  operation,  a sample  gas  is  passed  over  the 
mirror  and  condensation  occurs.  The  optical  bridge  detects  the  changes  in 
reflectivity  of  the  mirror  and  generates  a signal  voltage  that  is  used  to  con- 
trol the  thermoelectric  cooler.  An  independent  platinum  resistance  ther- 
mometer is  used  to  measure  the  dew  point  by  sensing  the  mirror  temperature 
at  which  the  optical  bridge  is  balanced. 

d.  gas  handling  manifold 

Water  vapor  samples  and  buffer  gases  for  the  spectrophone  measure- 
ments were  introduced  from  a stainless  steel  manifold,  which  is  schematically 
pictured  in  Figure  22.  A Wallace  and  Tiernan  mechanical  gauge,  model  62B 
4D  0800  with  a range  of  0-800  Torr  and  an  accuracy  of  0.8  Torr  was  used 
to  measure  the  total  pressure  of  the  pressure  broadened  samples.  Total  pres- 
sure of  the  pure  water  vapor  samples  was  measured  with  a 0-10*'  of  H„o  model 
FA  141  Wallace  and  Tiernan  mechanical  gauge.  Vacuum  in  the  manifold  was 
determined  with  a NRC  model  801  thermocouple  gauge. 

Prior  to  conducting  these  experiments  the  stainless  steel  tubing,  ultra 
Torr  fittings  and  bellows  seal  vacuum  valves  of  the  manifold  were  thoroughly 
cleaned  in  spectroscopic  grade  carbon  tetrachloride  and  then  boiled  in  double 
distilled  water.  These  precautions  are  extremely  important  since  it  has  been 
observed  that  water  vapor  samples  can  "pick  up"  contaminants  from  the  vacuum 
system  walls  that  will  cause  interference  with  absorption  measurements  . 

The  viton  "O"  rings  used  with  Ultra  Torr  fittings  and  the  pyrex  test  tube  which 
holds  the  triple  distilled  liquid  water  sample  were  also  boiled  in  H„0.  Finally, 
the  manifold  was  baked  out  using  heating  tape  and  the  Edwards  model  660 
mechanical  pump  associated  with  this  gas  handling  system. 

e.  accessory  equipment 

In  addition  to  the  manifold  the  spectrophone  is  also  connected  to  a 
mass  spectrometer  which  serves  as  a high  vacuum  pumping  station  that  was 
used  for  leak  checking  and  outgasing  the  vacuum  system.  This  pumping  station 
consists  of  an  air  cooled  diffusion  pump  with  a liquklnitrogen  cold  trap  that 
is  capable  of  achieving  pressures  on  the  order  of  1 0 8 Torr. 
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Figure  22.  Manifold, 


The  temperature  of  the  spectrophone  was  monitored  by  a Stow  Labora- 
tories electronic  thermometer,  model  911  PL.  The  temperature  probe  is 
located  in  a small  hole  near  the  center  of  the  long  stainless  steel  cell. 

5.  Multiple  traversal  cell 

The  15  meter  White  cell  used  in  this  study  has  been  previously  described  . 

Just  prior  to  this  study  the  cell  was  thoroughly  cleaned  and  the  mirrors  re- 
coated with  a new  aluminum  surface.  This  "new"  mirror  finish  permitted 

a significant  increase  in  the  useful  path  length;  1.5  kilometers  is  now  readily  t 

obtained.  Recent  efforts  have  also  been  made  to  uncouple  sources  of  vibra- 
tion from  the  cell  — the  objective  being  to  improve  the  stability  of  the  White 
cell  optical  alignment.  The  author  wishes  to  acknowledge  the  efforts  of 
Michael  E.  Thomas  for  his  contributions  in  "upgrading"  this  cell. 

B.  The  Experimental  Procedures  and  Tests 

This  section  contains  a description  of  the  laboratory  techniques  em- 
ployed in  obtaining  the  experimental  data  which  is  presented  in  Chapter  V. 

Also  treated  here  is  an  analysis  of  the  most  significant  problems  which  were 
observed  in  this  study  and  a description  of  their  solutions.  This  discussion 
includes  many  tests  which  were  conducted  in  anticipation  of  possible  sources 
of  experimental  error.  These  tests  involved  not  only  calibration  of  the  elec- 
tronic apparatus  but  a determination  of  the  spectrophone  response  function. 

1.  Calibration  tests  of  data  system 

The  use  of  a computer  controlled  data  acquisition  system  facilitated 
the  task  of  running  each  experiment,  however,  it  also  made  the  results  vul- 
nerable to  any  problems  in  that  system.  This  was  made  quite  apparent  when 
the  Epsco  A/D  failed,  i.e.,  a resistor  in  the  comparator  circuit  opened  up 
causing  a nonlinear  response  from  that  instrument.  In  another  instance,  an 
electrolytic  capacitor  in  the  dc  amplifier  power  supply  failed,  the  amplifier 
continued  to  work,  but  its  output  was  corrupted  by  120  Hz  noise.  Fortunately 
both  of  these  problems  were  discovered  during  the  course  of  periodic  cali- 
bration tests. 

a.  dc  amplifiers  and  the  A/D 

Calibration  of  the  dc  amplifiers  and  A/D  converter  was  performed 
both  prior  to  and  during  the  course  of  these  experiments.  An  Analogic  model 
AN  3100  voltage  standard  with  a resolution  of  0.1  millivolts  was  used  to  per- 
form the  calibration  tests.  Each  of  the  data  channels  was  examined  separately 
by  connecting  the  voltage  standard  directly  to  a DC  amplifier  input,  see  Fig- 
ure 20,  and  initiating  the  data  taking  cycle  from  the  Teletype.  To  determine 
accuracy  and  linearity,  the  voltage  standard  was  stepped  in  0.5  volt  incre- 
ments in  the  output  of  the  dc  amplifier  and  the  A/D  was  read  at  each  step. 


64 


02/19/78  CALIBRATION  OF  DATA  SYSTEM 


_ n _ n 

□ o 


OUTPUT  VOLTAGE  (VOLTS) 


Figure  23.  Calibration  data  for  the  signal  and  reference  channels. 
The  error  in  mV  is  plotted  vs  the  theoretical  output  voltage  in 
volts.  The  d] correspond  to  the  signal  channel  (dc  amplifier 
gain=X10)  while  the  + are  for  the  reference  channel 
dc  amplifier  gain=X50). 


A plot  of  error  (MV)  in  the  recorded  voltage  vs  theoretical  output  voltage, 
i.e.,  the  product  of  voltage  standard  dial  setting  and  the  dc  amplifier  gain, 
is  given  in  Figure  23.  The  (+)  symbol  is  for  the  reference  channel  with  its 
dc  amplifier  set  for  a gain  of  X50  and  (□)  indicates  the  signal  channel  with 
its  amplifier  set  at  X10.  This  plot  indicates  that  the  readings  on  both  of 
the  data  channels  are  accurate  to  within  a few  millivolts  except  that  the 
reference  channel  has  a dc  off-set  of  approximately  6 millivolts.  The  stand- 
ard deviations  corresponding  to  the  readings  were  on  the  order  of  5 milli- 
volts, or  less.  These  results  are  quite  acceptable,  since  the  voltage  levels 
recorded  during  actual  experiments  were  always  greater  than  one  volt  and 
the  dc  offset  is  automatically  subtracted  out  in  the  data  reduction  process. 

2.  Spectrophone  measurements 
a.  introduction 

Contaminants,  false  background  signals  and  calibration  are  three  basic 
problems  that  inhibit  precise  measurements  with  a nonresonant  spectrophone. 
In  light  of  this,  each  of  these  topics  received  considerable  attention  in  the 
preceding  chapter  where  the  fundamental  principles  underlying  the  design 
of  this  instrument  were  treated.  However,  there  are  further  considerations; 
in  conjunction  with  each  of  these  fundamental  problems  are  equally  significant 
questions  which  arise  from  a thorough  analysis  of  experimental  procedures. 

For  instance,  an  accurate  knowledge  of  the  absorber  concentration  is  essential 
for  the  same  reasons  that  contamination  must  be  avoided,  iiowever,  water 
vapor  is  a very  difficult  gas  to  control  in  a closed  container59  and  simply 
reading  the  output  of  a dewpoint  hygrometer  may  not  yield  an  accurate  re- 
sult for  the  H„0  concentration  in  the  spectrophone.  Alignment  of  the  laser 
radiation  through  the  spectrophone  is  also  a significant  parameter.  Although 
the  instrument  was  designed  to  reduce  the  effects  of  absorption  by  the  IR 
windows,  a small  residual  signal  is  always  present  and  dependent  upon  locali- 
zed nonuniformities  in  the  ZeSe  windows.  Calibration  of  the  spectrophone 
requires  accurate  White  cell  measurements,  which  are  most  easily  obtained 
in  experiments  where  relatively  high  absorption  is  being  considered,  i.e., 
transmittances  on  the  order  of  40%.  This  requires  the  extrapolation  of  re- 
sults obtained  at  (relatively)  large  signal  levels  to  calibrate  measurements 
where  the  pressure  signal  may  be  two  orders  of  magnitude  smaller  than  for 
the  calibration  experiment.  The  question  raised  here  concerns  the  assump- 
tion of  linearity  in  the  response  of  the  spectrophone;  i.e.,  can  the  same  cali- 
bration constant  be  employed  throughout  the  entire  operating  range  of  the 
instrument?  The  first  step  in  resolving  this  problem  is  to  verify  the  linearity 
of  the  lock-in  amplifier  which  is  used  to  synchronously  detect  the  pressure 
signal. 
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b.  instrument  response  tests 
1.  lock-in  amplifier 
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The  absorption  coefficients  measured  in  this  study  range  from  0.01 
km-'  to  1.0  km-*.  For  the  spectrophone  this  corresponds  to  two  orders  of 
magnitude  variation  in  the  pressure  signal.  Only  one  scale  of  the  Barocel 
electronics  was  employed  in  these  measurements,  the  sensitivity  switch  was 
set  at  X.01  so  that  a full  scale  reading  corresponds  to  a pressure  of  0.01  Torr. 
The  range  in  pressure  signals  required  that  several  different  sensitivity  scales 
be  utilized  on  the  lock-in  amplifier  which  was  used  to  measure  the  analog 
output  from  the  Barocel  transducer.  Thus,  it  is  necessary  to  consider  lin- 
earity and  consistency  of  all  the  lock-in  amplifier  ranges  required  during 
these  studies.  This  is  especially  important  for  the  higher  sensitivity  scales 
(1  mv,  2.5  mv  and  10  mv)  which  were  required  for  a majority  of  the  experi- 
ments. 

The  apparatus  used  to  perform  this  calibration  consisted  of  a Wavetek 
model  130  signal  generator,  a precision  attenuation  circuit  and  a RMS  volt- 
meter, Hewlett  Packard  #3400A.  The  block  diagram  of  this  experiment  is 
given  in  Figure  24.  The  procedure  employed  here  was  to  measure  the  signal 
voltage  with  the  RMS  voltmeter,  adjust  the  attenuator  circuit  for  the  de- 
sired level  and  then  read  the  output  of  the  lock-in  on  the  signal  channel  with 
the  A/D.  The  results  of  this  experiment  for  the  1.0,  2.5  and  10  mv  scales 
are  shown  in  Figures  25a,  b and  c.  In  these  plots  the  lock-in  readings  (ordi- 
nate) are  plotted  against  the  RMS  voltage  (abscissa)  read  on  the  HP  voltmeter. 
From  this  data  it  is  observed  that  the  calibration  of  the  PAR  lock-in  ampli- 
fier is  satisfactory.  However,  it  still  remains  to  demonstrate  that  the  response 
from  the  spectrophone  is  linear  over  the  range  of  signals  observed  in  this 
study. 


2.  linearity 

To  determine  whether  the  spectrophone  response  is  linear,  an  experi- 
ment was  performed  using  a BaF^  wedge  to  replace  a conventional  mirror 
and  thus  reduce  the  laser  power  incident  on  the  spectrophone.  The  idea  is 
that  reduced  laser  power  will  result  in  a proportionately  smaller  pressure 
signal;  this  permits  a direct  comparison  of  the  instrument  response  for  small 
and  large  signals  by  simply  interchanging  the  RaF„  wedge  with  a front  surface 
mirror  while  leaving  the  sample  gas  unchanged.  Figure  26  shows  a schematic 
diagram  of  the  pertinent  optics;  mirror  M3  represents  the  components  which 
were  interchanged  using  kinematic  mirror  mounts. 

The  experiment  consisted  of  introducing  an  arbitrary  amount  of  ab- 
sorber, CO  in  this  case,  into  the  spectrophone  and  measuring  the  response 
at  both  fulrand  reduced  laser  power  levels.  The  reduced  power  level  was 
obtained  by  replacing  mirror  M3  with  the  BaF2  wedge.  Full  power  is  defined 
as  that  observed  with  a conventional  mirror  located  at  M3.  Figure  27,  shows 
a plot  of  normalized  spectrophone  signal  (pressure  signal  divided  by  laser 
power)  at  full  laser  power  vs  normalized  spectrophone  signal  at  reduced  laser 
power  with  absorber  concentration  as  a parameter.  Linear  response  for  this 
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Figure  24.  Block  diagram  of  lock-in  amplifier  calibration  experiment. 
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Figure  26.  Schematic  diagram  of  optical  system 
for  spectrophone  experiment. 
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Figure  27.  Plot  of  normalized  response  of  reduced  low  power 
vs  normalized  response  at  "full"  power. 
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instrument  implies  that,  independent  of  the  pressure  signal  magnitude,  the 
normalized  response  of  the  spectrophone  must  be  directly  proportional  to 
the  absorption  coefficient  of  the  sample  gas.  In  the  above  experiment,  a 
sample  was  introduced  (with  a fixed  absorption  coefficient)  while  the  mag- 
nitude of  the  pressure  signal  was  discretely  altered  by  varying  the  laser  power. 
For  a linear  system  the  normalized  response  under  the  two  conditions  of  re- 
duced and  full  laser  power  must  be  linearly  related  and  as  further  defined 
above  they  must  be  equal.  The  plot  in  Figure  27  verifies  that  this  is  the  situ- 
ation, i.e.,  the  two  normalized  responses  are  related  by  a linear  equation 
with  unit  slope  and  zero  intercept. 


c.  sample  handling 


The  proper  mixing  of  the  pressure  broadened  water  vapor  samples  in 
the  spectrophone  is  one  of  the  most  important  procedures  required  for  ac- 
curate absorption  measurements.  The  plot  in  Figure  28  shows  an  example 
of  the  H^O  in  N„  data  obtained  from  an  experiment  in  which  the  samples 
were  not  adequately  mixed.  These  results  indicate  an  anomalous  increase 
in  absorption,  especially  for  samples  with  relative  humidities  near  50%  or 
higher.  Ultimately  this  error  was  traced  to  the  method  by  which  samples 
were  being  introduced  and  mixed.  This  improper  method  produced  a non- 
homogeneous  sample  with  a significantly  higher  (than  average)  concentra- 
tion of  H^O  near  the  ends  of  the  spectrophone.  The  average  concentration 
is  defined  here  as  that  which  the  dew  point  hygrometer  records  and  is  indi- 
cated by  the  abscissa  in  Figure  28. 

To  appreciate  how  this  phenomenon  occurred  consider  the  sectional 
view  of  a Brewster  angle  window  adapter,  given  in  Figure  29  and  the  sequence 
of  steps  which  lead  to  this  problem.  Pure  water  vapor  samples  were  introduced 
by  evaporation  into  the  evacuated  spectrophone.  Next  the  N„  buffer  gas 
was  introduced.  There  is  only  one  orifice  for  the  sample  gas  molecules  in 
the  window  adapter  so  that  the  water  vapor  is  compressed  toward  the  ZnSe 
window  by  the  N„  gas.  This  results  in  a significant  increase  in  the  water 
vapor  density  at  the  ends  of  the  spectrophone  and  perhaps  some  condensa- 
tion when  large  initial  pressures  of  H„o  were  used.  A nonuniformity  in  H20 
concentration  could  produce  abnormally  large  absorption;  this  situation  should 
be  especially  apparent  if  liquid  water  is  produced  on  the  windows.  Liquid 
water  has  an  absorption  coefficient  10,000  times  greater  (at  10  urn)  than 
the  gas  phase  . This  would  explain  the  significant  departure  of  the  "dashed" 
curve  (anomalous  data)  from  the  solid  curve  (correct  data)  at  high  relative 
humidities,  see  Figure  28. 

•j 
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Figure  28.  An  illustration  of  the  problems  caused  by  incomplete 
sample  mixing  in  the  spectrophone. 
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Several  solutions  to  this  problem  were  discovered,  all  having  a common 
basis  - the  prevention  and/or  elimination  of  high  water  vapor  concentrations 
in  the  window  adapters.  The  most  obvious  solution  consisted  of  mixing  the 
samples  for  extremely  long  periods  of  time,  on  the  order  of  one  hour.  This 
resolved  the  problem  by  the  simplest  means  available;  the  long  mixing  process 
eventually  "stirred"  up  the  sample  at  the  ends  of  the  spectrophone  sufficiently 
to  achieve  a homogeneous  mixture.  However,  this  technique  has  the  disad- 
vantage of  requiring  a considerable  amount  of  time  for  each  measurement. 

Two  alternative  solutions  were  employed  which  reduce  the  mixing  time 
by  preventing  high  concentrations  of  pure  H„o  from  developing  at  the  ends 
of  the  cell  when  the  buffer  gas  was  added.  The  first  method  simply  consisted 
of  reducing  the  partial  pressure  of  water  vapor  in  the  spectrophone,  relative 
to  the  external  plumbing  before  the  buffer  gas  was  added.  This  was  accom- 
plished by  partially  evacuating  the  pure  H„o  which  had  been  evaporated  into 
the  spectropone,  while  the  remainder  of  tne  vacuum  system  which  contained 
the  desired  partial  pressure  of  water  vapor  was  valved  off.  The  buffer  gas 
was  then  gradually  introduced,  raising  the  pressure  inside  the  cell  until  it 
equalled  that  of  the  pure  present  in  the  remainder  of  the  system;  at 
this  point  all  valves  were  opened  and  the  whole  vacuum  system  filled  to  a 
total  pressure  of  one  atmosphere,  760  Torr.  The  sample  gas  was  then  mixed 
by  the  circulating  pump  for  approximately  20  minutes.  This  method  was 
used  most  extensively  for  samples  with  low  partial  pressures  of  H20. 

The  second  technique  prevented  high  water  vapor  densities  in  the  spec- 
trophone by  partially  mixing  the  new  sample  outside  the  cell  before  it  was 
circulated  through  the  spectrophone.  This  was  accomplished  by  leaving  the 
gas  from  the  previous  measurement  valved  off  inside  the  spectrophone  and 
mixing  a new  sample  with  a different  H„0  concentration  in  the  external  plumb- 
ing. At  this  stage  two  uniformly  mixed  samples  existed  inside  and  outside 
the  spectrophone.  The  final  "new"  sample  was  obtained  by  opening  the  valves 
to  the  cell  and  thoroughly  mixing  both  samples  by  circulating  them  through 
the  spectrophone.  This  final  mixing  was  allowed  to  proceed  for  20  minutes. 

This  last  method  was  used  primarily  for  samples  with  relatively  high  H„o 
concentrations.  1 

After  an  initial  set  of  absorption  measurements  were  performed,  the 
water  vapor  sample  was  frequently  recirculated  for  7 to  10  minutes  and  a 
new  set  of  data  taken.  By  repeating  this  process  several  times,  it  was  con- 
firmed that  uniform  mixing  could  be  achieved  with  these  techniques. 

Four  different  buffer  gases  were  used  in  this  study;  N„o,  80-20  arti- 
ficial air,  60-40  artificial  air  and  0„.  The  80%  N2~20%  02  and  60%  N2~40% 

0„  artificial  air  mixtures  were  obtained  by  mixing  the  appropriate  percent- 
ages of  pure  N„  and  pure  0„  with  water  vapor  according  to  methods  described 
above.  FTS  spectra  were  taken  of  both  the  N„  and  0„  gases  as  a test  for 
the  presence  of  contaminants.  The  nitrogen  sample  snowed  trace  amounts 
of  CO  while  the  oxygen  sample  indicated  trace  amounts  of  both  methane 
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and  nitrous  oxide.  However,  these  contaminants  do  not  have  any  strong  ab- 
sorption features  in  the  spectral  region  of  interest  so  that  their  presence 
is  of  no  serious  consequence.  Previous  workers"1  have  indicated  a serious 
problem  exists  with  ammonia  contamination  of  water  vapor  samples;  an  FTS 
! spectrum  of  the  pure  water  vapor  was  taken  to  check  for  such  contamina- 

tion but  the  results  were  negative. 

Pure  water  vapor  samples  were  introduced  by  evacuating  the  spectro- 
phone  and  evaporating  H~o  from  the  glass  test  tube  until  a desired  total 
pressure  was  read  on  the  u-10  " Wallace  and  Tiernan  gauge,  see  Figure  22. 

d.  optical  alignment 

Accurate  alignment  of  the  CO~  laser  radiation  through  the  speetro- 
phone  is  essential  for  two  reasons;  tne  first  arises  from  the  relatively  small 
diameter  bore  through  which  the  beam  must  pass.  Radiation  contacting  the 
walls  will  be  absorbed  or  scattered  with  the  result  that  additional  undesirable 
background  signal  is  produced.  Finally,  the  differential  spectrophone  is  es- 
sentially a very  sensitive  "window  tester"  (see  Chapter  III  section  B)  which 
can  detect  small  nonuniformities  in  the  ZnSe  windows.  This  implies  that 
a constant  and  hence  repeatable  background  window  signal  can  be  achieved 
only  if  a precision  alignment  technique  is  employed,  i.e.,  it  is  essential  that 
the  laser  beam  pass  through  the  same  area  of  each  window  during  a set  of 
measurements. 

The  optical  system  used  to  align  the  laser  beam  through  the  spectro- 
phone is  schematically  pictured  in  Figure  30.  The  two  irises  are  fixed  along 
the  optical  axis  of  the  spectrophone  and  serve  as  reference  points  that  de- 
fine the  desired  path  for  the  COg  laser  beam.  Accurate  alignment  is  accom- 
plished by  imaging  the  laser  radiation  on  a thermal  screen  placed  behind 
an  iris  and  adjusting  mirrors  and  until  the  laser  "spot"  and  iris  are 
concentric.  This  condition  can  De  determined  by  slowly  closing  down  the 
iris  diaphragm  while  observing  the  radiation  image  on  the  thermal  screen; 
a concentric  beam  will  produce  a symmetric  Fraunhofer  diffraction  pat- 
tern. 

By  using  this  alignment  technique  it  was  possible  to  perform  measure- 
ments on  several  laser  lines  while  the  same  sample  was  confined  in  the  spec- 
trophone. The  procedure  used  here  was  to  simply  "switch"  the  laser  to  a 
nearby  line  and  then  fine  "tune"  the  alignment  with  small  adjustments  to 
the  micrometer  grating  drive.  These  adjustments  consisted  of  small  correc- 
tions for  "play"  in  the  grating  mount  micrometer  drive  mechanism  and  were 
made  using  the  procedures  described  in  the  previous  paragraph.  This  per- 
mitted three  to  four  laser  lines  to  be  considered  in  one  experiment  and  sig- 
nificantly reduced  the  amount  of  time  required  to  obtain  a large  set  of  data 
at  multiple  frequencies. 
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3.  White  cell  measurements 


a.  optical  alignment 

The  White  cell  measurements  required  that  two  separate  alignments 
he  maintained.  The  first  and  most  difficult  was  the  mirror  alignment  inside 
the  multiple  traversal  cell.  The  mirror  mounts  are  moderately  unstable  and 
required  frequent  readjustment.  It  is  believed  that  this  problem  originates 
with  low  frequency  building  vibrations  that  induced  minute  displacements 
in  the  mirror  mounts.  A 100  mW  Argon  laser  was  used  to  monitor  the  cell 
alignment  and  to  determine  the  adjustment  required  for  realignment.  This 
was  accomplished  by  observing  the  location  of  the  visible  exit  beam  of  the 
Argon  laser  on  a white  index  card  placed  over  the  output  window  of  the  White 
cell.  This  technique  provided  a sensitive  method  for  measuring  even  the 
slightest  misalignment  and  was  employed  prior  to  every  measurement. 

Alignment  of  the  CO„  laser  radiation  to  the  White  cell  is  the  second 
requirement.  This  was  accomplished  by  adjusting  the  path  of  the  CO„  radi- 
ation to  retrace  that  of  the  Argon  laser  by  using  the  thermal  screen  techni- 
que described  in  the  previous  section  and  two  irises  which  are  located  along 
the  optical  path  of  the  Argon  laser.  Again,  it  was  possible  to  perform  meas- 
urements at  several  frequencies  (with  a single  sample  in  the  absorption 
cell)  by  simply  "fine  tuning"  the  alignment  of  each  CO„  laser  line  through 
both  irises  with  small  adjustments  to  the  grating  drive  micrometer. 

Figure  31  shows  a schematic  drawing  of  external  optics  for  these  ex- 
periments. The  signal  disc  calorimeter  is  located  near  the  output  window 
of  the  White  cell  and  measures  the  transmitted  C02  laser  power.  Before 
the  laser  beam  enters  the  cell  a portion  of  the  incident  radiation  is  reflected 
by  a BaF„  beam  splitter  into  the  Reference  disk  calorimeter.  The  transmis- 
sion of  each  sample  is  proportional  to  the  ratio  of  the  signal  and  reference 
power  meter  voltages. 

b.  stability  tests 

In  section  A of  Chapter  III  it  was  shown  that  a small  uncertainty  in 
the  measurement  of  transmittance  can  produce  a large  error  in  the  calcu- 
lated value  of  the  absorption  coefficient,  see  Figure  4.  In  particular,  for 
experiments  where  the  transmittance  is  near  90%,  a 1%  error  in  the  trans- 
mission measurement  will  produce  a 10%  error  in  the  absorption  coeffici- 
ent. With  the  exception  of  those  measurements  performed  at  975.9  cm'1 
all  of  the  laser  lines  studied  were  highly  transmitting,  making  the  results 
extremely  vulnerable  to  small  experimental  errors.  A typical  example  is 
the  nitrogen  broadened  water  vapor  data  at  the  10.6  ym  P(20)  line  given  in 
Table  3.  The  fourth  column  in  this  table  gives  relative  uncertainty  in  the 
absorption  coefficient  as  calculated  from  the  equation  (54);  the  last  column 
gives  the  absolute  error  in  the  calculated  value  of  the  absorption  coefficient 
for  a hypothetical  1%  error  in  the  transmittance. 
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Figure  31.  Entrance  optics  for  the  White  cell  experiments. 
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Table  3 

Experimental  results  of  White  cell  measurements  of  pressure 
broadened  H„0  at  944.194  cm  . This  data  was  obtained 
using  a path  length  of  1.46  km. 


Water  Vapor  in  Nitrogen  at  a Total  Pressure  of  1 Atm. 
P(20)  944.194  cm-1 


Partial  Pressure 

Transmittance 

Absorption 

♦Relative 

♦♦Absolute  Error 

of  H„o 
(Torn 

(%) 

Coefficient 

(km”) 

Uncertainty 

(AT/Txl00=1.0) 
(km  ^) 

15 

71.8 

.226 

3.02 

.007 

12 

80.8 

.146 

4.69 

.007 

9 

87.5 

.092 

7.49 

.007 

6 

94.3 

.040 

17.04 

.007 

* The  relative  uncertainty  is  defined  here  as  (A  k/  k)/(  AT/T)=1/  -MT-1 ),  \ 

see  Equation  (54) 

**  The  absolute  uncertainty  given  here  assumes  an  error  in  the  transmittance 

of  1.0%,  i.e.,  we  consider  the  case  where  (AT/T)xl00=1.0.  j 


In  order  to  obtain  a meaningful  value  for  the  absolute  accuracy  of  these 
experiments  it  is  necessary  to  make  a determination  of  the  uncertainty  in 
the  transmittance.  In  these  experiments  the  most  apparent  source  of  error 
came  from  the  instability  of  the  White  cell  optics,  i.e.,  small  changes  in  the 
alignment  would  correspond  to  significant  variations  in  the  measured  value 
of  transmission.  Stability  tests  were  performed  to  obtain  a reasonable  esti- 
mate of  the  magnitude  of  this  problem.  These  tests  consisted  of  performing 
a series  of  transmission  measurements  on  a sample  of  Ng  over  a seven-hour 
period;  this  corresponds  very  closely  to  the  format  of  an  actual  experiment 
except  that  a single  nonabsorbing  gas  sample  was  used  for  the  entire  test. 
With  a nonabsorbing  sample  gas,  the  transmission  values  measured  in  this 
experiment  are  proportional  to  the  background  transmittance  of  the  cell 
and  therefore  delimit  (in  some  sense)  the  system  stability  and/or  the  experi- 
menter's ability  to  maintain  optical  alignment. 

The  results  of  this  test  are  shown  in  Figure  32  where  the  normalized 
transmission  is  plotted  vs  the  time  at  which  the  measurement  was  performed. 
Five  CO,  laser  lines  in  the  10.4  pm  band  were  studied  in  the  experiment. 

The  use  of  "multiple"  lines  was  employed  because  this  technique  was  also 
used  during  the  water  vapor  absorption  studies.  From  these  results  it  is  ob- 
,J  served  that  the  background  transmission  varied  less  than  1%  for  the  majority 

of  lines;  the  large  scatter  occurring  at  the  P(22)  line  (represented  by  the 
<!>)  is  considered  by  this  author  to  be  ^representative  of  precision  achieved 
in  the  water  vapor  measurements.  The  data  from  this  test  also  indicated 

,1 
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that  the  background  transmission  was  dependent  upon  the  intensity  of  a laser 
line.  This  effect  was  observed  to  be  quite  significant  and  steps  were  taken 
to  maintain  a constant  laser  power  at  each  line  during  actual  experiments. 
We  were  not  cognizant  of  this  problem  during  these  stability  tests  so  that 
the  results  given  in  Figure  32  suffer  from  this  effect.  It  is  presumed  that 
the  dependence  of  transmission  upon  laser  intensity  could  be  attributed  to 
heating  of  the  BaF„  beamsplitter  or  the  White  cell  entrance  window  that 
resulted  in  small  variations  in  the  alignment  of  the  CO,  laser  radiation  into 
the  cell.  From  the  results  of  these  tests,  it  is  considered  reasonable  to  as- 
sume that  the  absolute  error  tabulated  in  column  five  of  Table  3 gives  a con- 
servative estimate  for  this  particular  source  of  uncertainty. 


C.  Sample  Handling 

Water  vapor  samples  were  introduced  from  an  aluminum  bottle  con- 
taining double  distilled  H„0  by  evaporation  into  the  evacuated  White  cell. 
For  the  pressure  broadened  experiments  water  vapor  was  added  until  the 
total  pressure,  recorded  with  a Gilmont  Micrometric  Manometer,  reached 
1 5 Torr.  Then,  the  cell  was  filled  to  a total  pressure  of  760  Torr  with  the 
desired  buffer  gas.  Three  different  N2~o2  broadening  combinations  were 
used  in  the  experiments;  pure  N_,  80-20  artificial  air,  and  60-40  artificial 
air.  The  80-20  air  was  obtainedTrom  commercially  mixed  cylinders  while 
the  60-40  samples  were  mixed  using  cylinders  of  N„  and  02.  FTS  spectra 
of  sample  gases  indicated  that  no  significant  contaminantsz(having  absorp- 
tion features  in  the  9-10  ym  region)  were  present,  see  the  discussion  given 
in  section  B.2.C. 


The  water  vapor  samples  were  then  mixed  for  at  least  eight  hours  with 
two  circulating  fans.  An  E.G.  & G Model  880  dew  point  hygrometer  was  used 
to  monitor  the  mixing  process  and  provide  confirmation  of  the  water  vapor 
partial  pressure.  Smaller  water  vapor  concentrations  were  studied  by  partially 
evacuating  the  cell  and  then  refilling  with  the  buffer  gas.  New  samples  ob- 
tained by  this  method  were  mixed  by  the  circulating  fans  for  several  hours 
or  until  the  dew  point  hygrometer  readings  indicated  a homogeneous  gas. 

By  using  this  technique  H,0  Dartial  pressures  of  12,  9 and  6 Torr  were  studied 
in  addition  to  the  15  Torr^case.  After  the  6 Torr  measurements  the  White 
was  evacuated  and  refilled  with  the  appropriate  nonabsorbing  buffer  gas  to 
permit  background  measurements.  This  last  step,  refilling  the  cell,  is  ex- 
tremely important  because  the  alignment  of  the  White  cell  optics  varies 
as  a function  of  pressure.  When  the  cell  is  evacuated  there  is  a slight  "bowing" 
motion  which  results  in  a vertical  translation  of  the  mirror  mounts  at  each 
end.  This  motion  causes  the  CC>2  laser  radiation  to  fall  on  entirely  different 
areas  of  each  mirror,  so  that  a transmission  measurement  with  the  cell  evac- 
uated does  not  represent  a good  model  for  determining  the  background  in 
the  pressure  broadened  studies  which  were  performed  at  1 atmosphere. 

Pure  water  vapor  samples  were  also  introduced  by  evaporation  into 
the  evacuated  White  cell.  Before  the  I^O  was  added,  background  measure- 
ments were  taken  with  the  cell  under  vacuum.  Following  these  measure- 
ments water  vapor  was  added  until  the  White  cell  contained  the  smallest 
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desired  pressure  and  at  this  point  transmission  measurements  were  performed 
on  the  sample.  After  the  first  set  of  measurements,  more  water  was  evapo- 
rated into  the  cell  and  the  process  repeated  until  the  final  and  highest  con- 
centration was  reached. 
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CHAPTER  V 
RESULTS 


In  t^is  r>K'  pter  the  results  from  spectrophone  and  White  cell  measure- 
ments of  water  vapor  absorDtion  will  be  presented.  The  first  seetion  deals 
exclusively  with  the  data  obtained  from  the  stainless  steel  differential  speetro- 
phone.  These  measurements  include  pressure  broadened  studies  in  which 
four  different  forms  of  artificial  air  were  used  as  a buffer  pas.  Also  pre- 
sented are  the  results  from  experiments  on  the  temperature  dependence  of 
line  and  continuum  absorption  at  the  10.4  pm  R(20),  P(16),  and  P(20l  laser 
lines.  This  data  was  obtained  by  using  the  temperature  control  capability 
of  the  spectrophone  which  was  described  in  Chapter  III.  This  section  con- 
cludes with  the  presentation  of  a method  for  spectrophone  measurements 
of  pure  water  vapor  absorption  including  some  of  the  preliminary  results 
obtained  by  this  new  technique. 

The  second  half  of  this  chapter  consists  of  a comparison,  where  pos- 
sible, of  the  spectrophone  results  with  those  obtained  from  the  White  cell 
experiments.  This  includes  both  the  pressure  broadened  and  pure  water  vapor 
data.  A comparison  of  all  these  results  with  data  from  other  workers  is  left 
to  Chapter  VI. 


Spectrophone  Study  of  Water  Vapor 


In  these  studies  triple  distilled  H^o  was  evaporated  from  a pyrex  glass 
test  tube  into  the  stainless  steel  spectrophone  vacuum  system.  Absorber 
concentration  for  the  pure  H_o  samples  was  determined  with  a 0-10"  H2O 
mechanical  pressure  gauge  (I*  H„0  = 1.87  Torr).  Pressure  broadened  samples 
were  mixed  with  a stainless  steei  circulating  pump  and  the  water  vapor  partial 
pressure  measured  with  a dew  point  hygrometer.  Calibration  of  the  spectro- 
phone signal  was  based  upon  White  cell  data  from  nitrogen  broadened  water 
vapor  measurements  with  the  R(20)  CO?  laser  line  at  975.93  cm  . 


1.  Artificial  Air  Rroadened  Samples 


The  buffer  gases  for  these  experiments  were  obtained  by  mixing  nitrogen 
and  oxygen  in  the  designated  ratios.  Different  percentages  of  N„  and  02 
were  considered  to  discover  whether  nitrogen  alone  is  adequate  for  modeling 
water  vapor  absorption  as  it  occurs  in  the  atmosphere.  In  the  pastP2  it  has 
often  been  assumed  reasonable  to  simply  use  nitrogen  as  the  broadening  gas 
since  it  comprises  nearly  80%  of  the  atmosphere  and  neither  it  nor  oxygen 
are  infrared  active.  The  results  of  these  measurements  indicate  that  a de- 
tectable difference  in  the  ^O-I^  and  ^O-Og  interactions  exists.  The  ef- 
fects of  oxygen  will  be  further  analyzed  in  Chapter  VI,  where  the  results 
to  be  presented  here  are  discussed.  Those  interested  only  in  the  final  results 
of  this  study  are  directed  to  pages  188  through  193  where  the  curve  fit  coeffi- 
cients for  the  experimental  data  are  listed  in  Tables  5 through  12. 


a.  100%  N., 

The  first  set  of  pressure  broadened  data  consists  of  H„0  in  N2  absorp- 
tion measurements  at  a total  pressure  of  760  Torr.  These  results  are  pre- 
sented in  Figures  33  through  55  and  represent  measurements  performed 
at  23  CO  £ laser  lines  in  the^  (centered  at  9.4  pm  - 1064  cm  *)  and  10  (cen- 
tered at  fO.4  pm  - 962  cm-1)  pm  bands.  The  appropriate  frequency  position 
is  denoted  at  the  top  of  each  plot.  The  temperature  of  the  spectrophone, 
recorded  by  a Stow  Lab  electronic  thermometer,  is  also  given  in  these  fig- 
ures. This  temperature  represents  an  average  of  the  values  recorded  during 
each  experiment.  The  spectrophone  was  in  thermal  equilibrium  with  the 
laboratory  air  and  its  temperature  drifted  approximately  - 0.5°C.  In  these 
plots  the  partial  pressure  of  water  vapor  in  Torr  is  given  by  the  abscissa  (760 
Torr  = 1 atm)  and  the  absorption  coefficient  in  km-1  is  given  by  the  ordinate. 
The  square  boxes  indicate  the  measured  data  points,  while  the  dashed  line^ 
represents  the  best  fit  of  these  data  to  an  equation  of  the  form  k = Ap+Bp  , 
where  k is  the  absorption  coefficient  in  km-'  and  p is  the  partial  pressure 
of  water  in  Torr.  An  exception  is  made  for  the  R(?0)  line  at  975.93  cm-1 
where  the  data  has  been  fit  to  a linear  equation  k=Ap.  These  same  curve 
fit  equations  will  be  used  for  all  the  pressure  broadened  data  presented  in 
this  chapter,  ^his  particular  choice  of  equations  is  based  on  the  theoretical 
development  presented  in  Chapter  II  and  will  be  discussed  further  in  Chapter 
VI. 

b.  Calibration  for  Ng-C^  mixtures 

As  was  previously  stated,  the  calibration  of  the  spectrophone  is  based 
upor^  nitrogen  broadened  water  vapor  absorption  data  at  the  R(20)  line  975.93 
cm  . In  the  following  experiments,  the  nature  of  the  buffer  gas  will  no  longer 
be  the  same  as  that  used  in  the  calibration  measurements.  This  makes  it 
necessary  to  investigate  the  possible  need  for  corrections  in  the  calibration 
constant  as  the  percentages  of  nitrogen  and  oxygen  are  varied.  To  see  what 
is  required  here,  it  is  necessary  to  go  back  and  consider  Equation  185) 

s*’RMS  - ,23i  <85) 

which  describes  the  RMS  pressure  signal.  Substituting  into  this  equation 
the  appropriate  terms  for  VQ  and  t we  obtain 

fVsig)RMS  — V'o 

v 

where  v is  the  specific  volume 

and  C is  the  specific  heat  at  constant  volume  of  the  sample  gas. 
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Figure  45.  Measured  H„o  in  N,  absorption  coefficient  at  ,8  total  pressure 
of  760  Torr  for  the  Rtl6)  CO,  laser  line  at  973.288  cm  • Average 
spectrophone  temperature  was  24.5° c. 
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Figure  48.  Measured  H„0  in  N2  absorption  coefficient  at  a.  total  pressure 
of  760  Torr  for  the  11(28)  CO„  laser  line  at  980.913  cm  . Average 
spectrophone  Temperature  was  25^0. 
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Figure  49.  Measured  H„0  in  N,  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(16)  CO„  laser  line  at  1050.441  cm  . Average 
spectrophone  temperature  was  23.5°C. 
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Figure  50.  Measured  H„o  in  N?  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(14)  CCL  laser  line  at  1052.196  cm'  • Average 
spectrophone  temperature  was  23.5° C. 
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Figure  54.  Measured  H„o  in  N2  absorption  coefficient  at  a total  pressure 
of  7fi0  Torr  for  the  R(22)  CO-  laser  line  at  1079.852  cm"  • Average 
spectrophone  temperature  was  24°C. 
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Figure  55.  Measured  H„o  in  No  absorption  coefficient  at  atotal  pressure 
of  760  Torr  for  the  R(24)  CO-  laser  line  at  1081.087  cm  . Average 
spectrophone  temperature  was  24°C. 


The  constant  V'  contains  all  the  remaining  variables  which  do  not  depend 
upon  the  "nature"  of  the  sample  gas. 

The  final  step  in  this  procedure  is  to  see  how  the  ratio  v/C  changes 
in  going  from  a nitrogen  sample  to  one  with  pure  oxygen.  These  Ratios,  shown 
in  Table  4,  indicate  that  there  will  be  a very  slight  change  in  the  pressure 
signal  amplitude  which  can  be  strictly  attributed  to  the  thermodynamic  prop- 
erties of  nitrogen  and  oxygen.  However,  the  effect  is  so  small  that  it  has 
been  ignored  in  the  calibration  of  results  for  the  80%  N9-20%  02  and  60% 

N2-40%  C>2  buffer  gas  mixtures.  The  appropriate  correction  was  made  for 
the  studies  which  considered  pure  oxygen  as  a broadening  gas. 


Table  4 

Ratios  of  specific  volumes,  v (at  70°F  and  1 atm)  to  specific  heat  at 
constant  volume,  Cy  for  nitrogen  and  oxygen  ' • 


Nitrogen 

Oxygen 

v/Cy 

> 

O 

i> 

(cm**  °C/cal) 

(cm3  °C/cal) 

2.049  x 10"4 

2.057  x 10"4 

1.  80%  Ng  and  20%  02  results 

In  this  second  set  of  pressure  broadened  data,  the  results  obtained  with 
80-20  air  as  the  buffer  gas  are  presented  in  Figures  56  through  64.  Nine  CO„ 
laser  lines  in  the  9 and  10  pm  bands  were  studied  at  a total  sample  pressure  2 
of  760  Torr.  The  temperature  and  laser  frequency  are  supplied  in  each  fig- 
ure. 


2.  60%  Ng  and  40%  02  results 

In  this  third  set  of  pressure  broadened  data  the  results  obtained  with 
60-40  air  as  the  buffer  gas  are  presented  in  Figures  65  through  73.  Nine  CO„ 
laser  lines  in  the  9 and  10  pm  band  were  studied  with  a total  sample  gas 
pressure  of  760  Torr.  The  temperature  and  laser  frequency  are  supplied 
in  each  figure. 


3.  100%  Og  results 

In  this  last  section  of  pressure  broadened  data  the  results  obtained  with 
oxygen  as  the  buffer  gas  are  presented,  see  Figures  74  through  81.  Eight  CO„ 
laser  lines  in  the  9 and  10  pm  bands  were  studied  with  a total  sample  gas 
pressure  of  760  Torr.  The  temperature  and  laser  frequency  are  supplied  in 
each  figure. 
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Figure  56.  Measured  H„o  in  80%  No  and  20%  Oo  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  P(283  CO„  laser  line  at 
936.804  cm  . Average  spectrophone  temperature  was  24°C. 
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Figure  59.  Measured  H„0  in  80%  N2  and  20%  On  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  R(2S)  CO„  laser  line  at 
980.913  cm".  Average  spectrophone  temperatiifre  was  24°C. 
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Figure  69.  Measured  H„o  in  60%  N2  and  40%  Oo  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  P(20)  CO„  laser  line  at 
1046.854  cm  . Average  spectrophone  temperature  was  22°C. 
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Figure  74.  Measured  H„o  in  Oo  absorption  coefficient  at  a total  pressure 
of  7fi0  Torr  for  the  P(28)  C02  laser  line  at  93R.804  cm*  • Average 
spectrophone  temperature  was  23°C. 
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Figure  78.  Measured  H„o  in  Oo  absorption  coefficient  at  a iotal  pressure 
of  760  Torr  for  the  P(20)  C02  laser  line  at  1046.854  cm.  Average 
spectrophone  temperature  was  22°C. 
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Figure  79.  Measured  H„o  jp  Oo  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(18)  CO„  laser  line  at  1048.661  cm"  • Average 
spectrophone  temperature  was  22°C. 
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Figure  81.  Measured  H_0  in  02  absorption  coefficient  at  a_ total  pressure 
of  760  Torr  for  the  R(  1 8)  CO„  laser  line  at  1077.303  cm  . Average 
spectrophone  temperature  was  22.6°C. 


2.  Temperature  studios 


Measurements  were  also  performed  to  study  the  temperature  dependence 
of  pressure  broadened  water  vapor  absorption  in  the  10  ym  region.  Three 
laser  lines  were  studied,  the  R(20)  at  975.9  cm'  , P(16)  at  947.7  cm"1  and 
the  P(20)  at  944.19  cm"  . The  R(20)  line  was  picked  because  it  provides  a 
temperature  coefficient  for  near  line  center  water  vapor  absorption.  Results 
from  the  P(  16)  and  P(20)  data  supply  information  about  the  temperature  de- 
pendence of  the  continuum.  Both  the  P(20)  and  P(16)  are  located  in  the  far 
wings  of  water  lines  where  the  continuum  is  the  principal  absorption  mech- 
anism. 


a.  calibration  vs  temperature 


The  original  calibration  of  the  spectrophone  was  made  at  a temperature 
of  23°C.  A change  in  the  nominal  temperature  of  the  sample  gas  makes  it 
necessary  to  determine  whether  a correction  factor  needs  to  be  included 
in  the  calibration  of  results  obtained  at  different  temperatures;  i.e.,  to  com- 
pensate for  the  influence  of  temperature  on  the  instrument  response.  To 
ascertain  the  nature  of  this  dependence  (assuming  it  exists)  it  is  necessary 
to  again  consider  equation  (85) 


^sig^RMS 


JIVo 

tt[1+(  u,t)2 


(85) 


which  gives  the  RMS  response  of  a cylindrical  spectrophone  to  a Gaussian 
beam.  Analysis  of  this  question  requires  a determination  of  the  explicit  tem- 
perature dependence  in  the  variables  Vq  and  t.  It  so  happens  that  T is  linear 
in  T while  Vq  varies  as  1/T.  For  these  experiments  we  also  have  that  ( on-)2 
>;>  1 so  that  spectrophone  response  is  independent  of  T and  no  calibration 
correction  is  required  at  least  to  1 part  in  103  for  the  temperature  range 
considered  here. 


b.  results 


These  measurements  were  performed  with  the  spectrophone  using  the 
temperature  control  system  that  was  described  in  Chapter  III.  Measurements 
were  taken  at  M6°C  and  ^ 8°C  with  pressure  broadened  H„o  samples  at 
a total  pressure  of  760  Torr,  using  80%  N and  20%  O,  as  the  buffer  gas.  The 
results  of  this  study  are  given  in  Figures  »2  through  87. 

3.  Pure  H2o  Studies 

a.  calibration  vs  pressure 

For  pure  water  vapor  measurements  the  calibration  coefficient  of  the 
spectrophone  is  dependent  upon  the  particular  water  vapor  pressure  being 
considered.  This  situation  is  quite  different  from  the  pressure  broadened 
studies  in  which  the  total  pressure  was  held  constant  and  the  calibration  could 
be  considered  independent  of  the  H2o  partial  pressure.  In  those  experiments 
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Figure  82.  Measured  H„0  in  80%  No  and  20%  On  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  P(20)  CO,  laser  line  at 
944.194  cm'  . Average  spectrophone  temperature  was  15.9°C. 
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Figure  86.  Measured  H_0  in  80%  N,  and  20%  O,  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  R(2u)  CO„  laser  line  at 
975.930  cm  . Average  spectrophone  temperatiiVe  was  15.6°C. 
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the  thermodynamic  properties  of  the  sample  gas  are  determined  by  the  buffer 
gas  and  therefore,  were  essentially  constant.  The  interpretation  of  the  pure 
water  vapor  results  becomes  a much  more  complex  problem  because  the  mag- 
nitude and  phase  of  the  acoustic  signal  are  dependent  upon  the  total  pres- 
sure; see  the  analysis  of  the  spectrophone  response,  especially  Equations 
(89)  and  (90). 


To  understand  the  nature  of  this  pressure  dependence,  consider  the 
following  derivation  of  the  calibration  coefficient.  First  of  all,  we  assume 
that  the  absorption  coefficient  of  a pure  water  vapor  sample  at  a pressure 
PQ  is  known  from  White  cell  studies  and  is  equal  to  uQ.  The  calibration  con- 
stant at  the  pressure  PQ  is  then  given  by 


0(P  ) = 
o 


ao 

tsrvrr 

o 


(96) 


where  (S/W)q  is  the  normalized  response  of  the  spectrophone  for  a pure  HoO 
sample,  also  at  the  pressure  PQ.  (it  should  be  noted  that  a complete  cali- 
bration of  the  spectrophone  can  easily  be  obtained  by  this  technique,  i.e., 
by  performing  a sequence  of  measurements  at  many  different  pressures  P . 
This,  in  fact,  was  the  method  used  to  calibrate  the  results  given  later  in  tRis 
section.)  The  absorption  coefficient  for  a measurement  at  any  other  pres- 
ure  P is  found  from  the  expression 


c*f P)  = 0 (P)  (S/W), 


(97) 


where  0(P)  is  the  calibration  factor  at  the  pressure  P. 
0 ( PQ)  we  have 

«(p)  = |^)-  e(P0)(s/w) . 


Multiplying  by  0(PQ)/ 


(98) 


Next  we  substitute  from  Equation  (89)  to  obtain  an  expression  for  the  ratio 
0(  p)/  0(PQ)  with  the  result  that 


a(P)  = 


'(PQ/P)2  + (WT°)2 

. 1 + ( WT°)2 


e (PQ)(s/w) 


(99) 


where  t°  is  the  thermal  relaxation  time  of  the  sample  cell  at  the 
pressure  P 

and  to  is  the  angular  frequency  of  the  mechanical  chopper. 


Therefore  0(P)  can  be  written  as 


- q(P)  _ 
01  ’ ~f!W)  ~ 


(PQ/P)?  + (Ut°)2 


I + (got  ) 


Q\2 


0(po) 


(inn) 


14.3 


(101) 


and  for  the  parameters  used  in  this  study  we  have  that 

G(P)^  0(PQ) 

This  equation  has  been  plotted  in  Figure  88.  The  solid  curve  represents 
the  calibration  function  °(P/P  ) as  a function  of  the  relative  pressure  (P/PQ) 
with  the  reference  pressure  P^taken  as  8.87  Torr  and  0(1)  equal  to  0.411. 

This  reference  pressure  PR  was  arbitrarily  chosen  from  those  which  were 
measured  with  the  spectrophone.  0(1)  was  obtained  by  taking  the  ratio  of 
vvhite  ecll  data,  see  Figure  122,  and  the  normalized  optoaeoustic  signal  S/W 
for  the  pressure  P The  experimental  data,  given  by  the  triangles,  were 
obtained  from  spectrophone  and  White  cell  measurements  of  pure  H„o  for 
the  R(20)  laser  line  at  075.9  cm"  . This  plot  shows  a general  agreement  be- 
tween the  pressure  dependence  indicated  by  the  measured  data  and  that  given 
in  Equation  (101).  However,  to  insure  accurate  results,  the  experimental 
data  were  used  to  calibrate  the  pure  water  vapor  measurements  given  in 
this  section. 

b.  results 

This  section  contains  the  results  of  the  spectrophone  pure  water  vapor  | 

measurements  which  were  calibrated  using  the  technique  just  described. 

One  laser  line  has  been  studied,  the  P(20)  at  944.2  cm  , see  Figure  89.  In 
this  figure  the  measured  absorption  coefficient,  indicated  by  the  asterisks, 
has  been  plotted  vs  the  total  pressure  squared,  i.e.,  p2  in  (Torr)2.  The  dashed 

line  indicates  a fit  of  those  data  to  an  equation  of  the  form  k = Bp2,  where  j 

k is  the  absorption  coefficient  and  p is  the  pressure  in  Torr.  The  choice  of  j 

this  particular  curve  fit  will  be  discussed  in  Chapter  VI  where  the  absolute 

accuracy  of  these  data  will  also  be  considered.  ] 

B.  White  Cell  Data  and  a Comparison  with  Spectrophone  Results 

In  the  remainder  of  this  chapter  the  results  of  the  White  cell  water 
vapor  measurements  are  presented  and  compared  (where  possible)  with  the 
spectrophone  data  which  has  been  given  in  the  previous  section.  This  com- 
parison is  made  by  plotting  the  two  respective  (spectrophone  and  White  cell)  , 

sets  of  data  on  the  same  figure  for  all  those  laser  lines  in  which  an  experi- 
ment was  performed  with  both  instruments.  Laser  frequencies  which  have  I 

only  been  treated  in  White  cell  experiments  are  easily  distinguished  in  these 
figures  as  having  only  one  set  of  data  plotted. 

With  two  exceptions,  these  transmittance  measurements  were  performed 
with  a path  length  of  ^1.5  km  and  at  room  temperature.  The  appropriate 
laser  frequency  is  denoted  at  the  top  of  each  plot  and  the  average  tempera- 
ture of  the  sample  gas  is  also  listed  in  each  figure.  The  first  set  of  results 
arc  measurements  of  pressure  broadened  samples  at  a total  pressure  of  760 
Torr.  Three  different  buffer  gases  were  employed  in  these  measurements, 
nitrogen,  80%  N„  and  20%  02  artificial  air  and  60%  N„  and  40%  O^.  The  last 
set  of  results  given  in  this  chapter  consists  of  data  from  pure  water  vapor 
studies. 
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RELATIVE  PRESSURE  (P/PO) 


Figure  88.  Plot  of  the  calibration  function  vs  relative  pressure, 

The  solid  curve gives  0 (P/P  ) as  a function  of  (P/PJ 

using  Equation  (101)  and  0(ir=  0.411.  TheA'sare 
experimental  data  obtained  for  the  R(20)  laser  line 
at  975.9  cm-1. 
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Figure  89.  Measured  water  vapor  absorption  coefficient  plotted  as 
a function  of  the  total  pressure  squared  for  the  P(20)  CO„  laser 
line  at  944.194  cm-1.  Average  spectrophone  tempera&re 

was  19°C. 
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1.  Artificial  air  broadened  samples 

The  80%  N_  and  20%  02  buffer  pas  for  these  measurements  was  ob- 
tained from  commercially  mixed  cylinders  of  artificial  air.  The  60%  N„  and 

40^  £as  was  achieved  by  mixing  nitrogen  and  oxygen  in  the  designated 
ratio.  In  each  experiment  the  background  transmission  was  determined  by 
filling  the  cell  to  one  atm  with  a H„0  free  sample  of  the  appropriate  broad- 
ening gas. 

a.  100%  Ng  results 

Absorption  in  nitrogen  broadened  water  vapor  samples  was  studied  (with 
the  White  cell)  at  20  CO„  laser  lines  in  the  9.4  and  10.4  p m bands.  The  re- 
sults of  these  measurements  are  given  in  Figures  90  through  109.  On  all  of 
these  figures  the  triangle  indicates  the  measured  data  point,  while  the  solid 
curve  represents  the  best  fit  of  those  data  to  an  equation  of  the  form  k=Ap+Bp  , 
where  k is  the  absorption  coefficient  in  km-1  and  p is  the  partial  pressure 
of  water  in  Torr.  An  exception  is  for  the  R(20)  line  at  975.93  cm-1  where 
the  data  has  been  fit  to  a linear  equation,  i.e.,  k=Ap.  The  choice  of  these 
particular  curve  fits  will  be  discussed  in  Chapter  VI. 

A comparison  with  results  of  the  previous  sections  has  been  made  by 
plotting  the  spectrophone  data,  indicated  by  the  diamonds  on  the  correspond- 
ing figure  with  the  White  cell  data.  The  curve  fits  for  the  optoacoustic  re- 
sults are  indicated  by  the  broken  line.  Discussion  of  the  agreement  between 
the  results  obtained  with  these  two  techniques  is  deferred  until  Chapter  VI. 

b.  80%  ^ and  20%  02  results 

Absorption  in  artificial  air  broadened  water  vapor  samples  was  studied 
at  five  COg  laser  lines  in  the  10.4  pm  band.  The  results  of  these  measure- 
ments are  given  in  Figures  110  through  114.  In  all  of  these  figures  except 
R(20)  the  cross  indicates  the  measured  White  cell  data  points,  while  the  broken 
line  represents  the  best  fit  of  those  data  to  an  equation  of  the  form  k=Ap+Rp  . 
For  the  R(20)  line  at  975.9  cm-1  the  data  has  been  fit  to  a linear  equation, 
k=Ap. 

Comparison  with  results  of  the  previous  section  has  been  made  by  plot- 
ting the  spectrophone  data,  indicated  by  the  diamonds,  on  the  same  figure 
with  the  White  cell  data. 

c.  60%  Ng  and  40%  02  results 

I Absorption  in  60-40  air  broadened  water  vapor  samples  was  studied 

at  five  CO,  laser  lines  in  the  10.4  pm  band.  The  results  of  these  measure- 
ments are  given  in  Figures  115  through  119.  In  all  these  figures  except  for 

IR(20)  the  arrow  heads  indicate  the  measured  White  cell  data  points,  while 
the  dotted  line  represents  the  best  fit  of  those  data  to  an  equation  of  the 
! form  k=Ap+Bp  . For  the  R(20)  line  at  975.9,  cm-1  the  data  has  been  fit  to 

_ a linear  equation,  k=Ap. 
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Figure  SO.  Measured  H„o  in  N?  absorption  eoefficientat  a total  pressure 
of  7«0  Torr  for  the  P(TD>  C.C>2  faser  line  at  <134.894  em  . The  White  cell 
data,  represented  hv  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°r.  The  speetrophone  data,  represented 
by  the  symbol  CD,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  91.  Measured  H„0  in  N„  absorption  eoefficientat  a total  pressure 
of  760  Torr  for  the  P (ZS)  CC>2  faser  line  at  9.16.804  cm"1.  The  White  eell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  speetrophone  data,  represented 
by  the  symbol  Q,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  92.  Measured  H„0  in  N,  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(26)  CC>2  faser  line  at  938.688  cm  . The  White  cell 
data,  represented  by  the  symbolA,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  Q,  was  obtained  at  an  average  temperature 

of  24.5°C. 


12/30/77 


940.548  CM- 1 


PART  I fit-  PRESSURE  H20  CTORR) 


Figure  93.  Measured  H„0  in  N„  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(z4)  C02  laser  line  at  940.548  cm  . The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  CD,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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igure  94.  Measured  H„0  in  No  absorption  coefficientat  a total  pressure 
of  760  Torr  for  the  P(Z2)  C02  faSer  line  at  942. .183  cm  • The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  95.  Measured  H„o  in  N?  absorption  coefficient  at  a total  pressure 
of  7fifl  Torr  for  the  PfTfl)  C 0?  laser  line  at  944.19^  cm  • The  White  cell 
data,  represented  hv  the  symbol  A,  was  obtained  at  an  average 
temperature  of  ??.5°C.  The  spectrophone  data,  represented 
bv  the  symbol  CJ,  was  obtained  at  an  average  temperature 

of  23.5°C. 


PARTIAL  PRESSURE  H2S  (TSRR) 

Figure  Ofi.  Measured  in  N?  absorption  eoefficientat  a total  pressure 
of  760  Torr  for  the  PtFS)  no ^ laser  line  at  945.980  cm  . The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  97.  Measured  H o jn  N2  Absorption  eoefficientat  a total  pressure 
of  76(1  Torr  for  the  P(r?)  CO  laser  line  at  951.19?  em  . The  White  cell 
data,  represented  bv  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  fU,  was  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  98.  Measured  H?0  in  N„  absorption  eoeffieientat  a total  pressure 
of  760  Torr  for  the  P(rO)  fX)  laser  line  at  962.881  cm  . The  White  cell 


The  White  cell 


data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  24.5°C. 


PARTIAL  PRESSURE  H20  (TOflfi) 


Fipure  99.  Measured  H„0  in  N?  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  R(t2)  CO ^ Taser  line  at  970.547  cm  • The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  0,  wns  obtained  at  an  average  temperature 

of  24.5°C. 
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Figure  101.  Measured  H„0  in  N?  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  RfzO)  CC>2  laser  line  at  975.930  cm"  . The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C. 
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Figure  102.  Measured  H„o  in  No  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  R(22)  CO  ]aser  ijne  flt  977.215  cm”'.  The  White  cell 
data,  represented  by  the  symbol  A was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  25.0°C. 


160 


I 


ABSORPTION  (KM— 1 ) 


Figure  103.  Measured  H„0  in  N«  absorption  coefficient  a.t  a total  pressure 
of  7fi0  Torr  for  the  R(78)  CO„  laser  line  at  980.913  cm  . The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  25°C. 
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Figure  105.  Measured  H„0  in  N2  absorption  coefficientat  a total  pressure 
of  760  Torr  for  the  P(  1 COg  laser  line  at  1050.441  cm  • The  White  cell 
data,  represented  by  the  symbol 4,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  23.5°C. 
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Figure  106.  Measured  H„0  in  N„  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  P(  1 4/  OC^  laser  line  at  1052.196  cm  . The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  23.5°C. 
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PARTIAL  PRESSURE  H20  (TORR) 


Figure  107.  Measured  H.O  in  N?  absorption  coefficient  a.t  a total  pressure 
of  760  Torr  for  the  R(18)  CO.  laser  line  at  1077.303  cm"1.  The  White  cell 
data,  represented  by  the  symbol  A,  was  obtained  at  an  average 
temperature  of  22.5°C.  The  spectrophone  data,  represented 
by  the  symbol  □,  was  obtained  at  an  average  temperature 

of  24.0°C. 
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Figure  108.  Measured  H„0  in  N9  absorption  coefficient  at  a total  pressure 
of  760  Torr  for  the  R(24)  CC>2  laser  line  at  1081.087  cm  . The  White  cell 
data,  represented  by  the  symbol^,  was  obtained  at  an  average 
temperature  of  22.5°C. 
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Figure  1 10.  Measured  H„o  in  80%  N„  and  20%  0«  absorption  coefficient 
at  a total  pressure  of  7ftu  Torr  for  tlfe  P(28)  COj  laser  line  at  936.804  cm 
The  White  cell  data,  represented  by  the  symbor+,  was  obtained  at  an 
average  temperature  of  22°C.  The  spectrophone  data,  represented 
by  the  symbol  <?  , was  obtained  at  an  average  temperature  of  24°C. 
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Figure  111.  Measured  H„o  in  80%  No  and  20%  Oo  absorption  coefficient  , 
at  a total  pressure  of  7m)  Torr  for  tne  P(20)  C02  laser  line  at  944.194  cm'  . 
The  White  cell  data,  represented  by  the  symbor+,  was  obtained  at  an 
average  temperature  of  22°C.  The  spectrophone  data,  represented 
by  the  symbol  0 , was  obtained  at  an  average  temperature  of  24°C. 
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Figure  112.  Measured  H,o  in  80%  N2  and  20%  O,  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  R(20)  CO,  laser  line  at  075.930  cm 
The  White  cell  data,  represented  by  the  symbor  +,  was  obtained  at  an 
average  temperature  of  22°C.  The  spectrophone  data,  represented 
by  the  symbol  v,  was  obtained  at  an  average  temperature  of  24Pc. 
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Figure  1 13.  Measured  H„0  in  80%  N9  and  70%  Oo  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  R(22)  CO- laser  line  at  977.214  cm 
The  White  cell  data,  represented  by  the  symbol  +.  was  obtained  at  an 
average  temperature  of  22°C. 
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Figure  114.  Measured  H-O  in  80%  N„  and  20%  0„  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  R(28)  CO„ laser  line  at  980.913  cm 
The  White  cell  data,  represented  by  the  symbol  +,  was  obtained  at  an 
average  temperature  of  22°C.  The  spectrophone  data,  represented 
by  the  symbol  0 , was  obtained  at  an  average  temperature  of  24°C. 
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Figure  115.  Measured  H„o  in  60%  No  and  40%  Oo  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  P(28)  CO  laser  line  at  936.804  cm 
The  White  cell  data,  represented  by  the  symbol  ^ was  obtained  at  an 
average  temperature  of  21.7°C.  The  spectrophone  data,  represented 
by  the  symbol  was  obtained  at  an  average  temperature  of  23°C. 
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Figure  116.  Measured  H„0  in  60%  N„  and  40%  O,  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  theP(20)  CO„  laser  line  at  944.194  cm 
The  White  cell  data,  represented  by  the  symbol  * was  obtained  at  an 
average  temperature  of  21.7°C.  The  spectrophone  data,  represented 
by  the  symbol  0)  was  obtained  at  an  average  temperature  of  23°C. 
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Figure  117.  Measured  H„0  in  60%  No  and  40%  02  absorption  coefficient, 
at  a total  pressure  of  760  Torr  for  the  11(20)  CCK  laser  line  at  975.030  cm  ■ 
The  White  cell  data,  represented  by  the  symbol  t was  obtained  at  an 
average  temperature  of  21.7°C.  The  spectrophone  data,  represented 
by  the  symbol  was  obtained  at  ar\  average  temperature  of  23.6°C. 
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Figure  119.  Measured  H„0  in  60%  N„  and  40%  O,  absorption  coefficient 
at  a total  pressure  of  760  Torr  for  the  k(28)  CO  laser  line  at  980.913  cm" 
The  White  cell  data,  represented  by  the  symbol  f was  obtained  at  an 
average  temperature  of  21.7°C.  The  spectrophone  data,  represented 
by  the  symbol  <!)  was  obtained  at  an  average  temperature  of  23.0°C. 


Comparison  with  the  results  of  the  previous  section  has  been  made 
by  plotting  the  spectrophone  data,  indicated  with  the  octagon  on  the  same 
figure  with  the  White  cell  data. 

7.  Pure  studies 

Absorption  by  pure  water  vapor  was  studied  at  seven  C02  laser  lines 
in  the  9.4  Wm  and  i 0.4  urn  bands.  The  results  of  these  measurements  are 
given  in  Figures  120  through  126.  Except  for  the  measurements  taken  at  28°C 
all  of  these  results  were  obtained  at  the  ambient  temperature  of  the  labo- 
ratory. The  elevated  temperature  data  was  obtained  by  using  heating  tapes 
which  were  previously  installed  on  the  cell  . The  temperature  was  control- 
led by  trial  and  error  adjustment  of  the  variacs  used  to  energize  the  heating 
tapes.  The  temperature  for  each  experiment  is  indicated  in  the  figures. 

Por  these^plots,  given  in  Figures  1 20  through  126,  the  water  vapor  pres- 
sure squared  (p  Hsj  given  along  the  abscissa  in  Torr  , while  the  absorption 
coefficient  in  km'  is  given  by  the  ordinate.  The  curve  ftfs  shown  for  these 
data  represent  the  least  squares  fit  to  the  equation  k=Bp^  where  k is  the 
absorption  coefficient  (km  ) and  p is  the  water  vapor  pressure  in  Torr.  For 
the  axis  given  in  these  plots  this  equation  will  be  a straight  line  through  the 
origin.  Again,  the  (tata  for  the  R(20)  line  at  975.9  cm"’  is  an  exception,  i.e., 
the  pressure,  (not  p^)  is  given  along  the  abscissa  for  data  at  this  frequency. 
The  curves  for  the  R(20)  line  represent  the  best  fit  to  an  equation  of  the  form 
k=Ap+Bp  . 
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Figure  120.  Measured  pure  water  vapor  absorption  coefficient  for  the 
P(28)  C02  laser  line  at  936.804  cm  . The  White  cell  data,  repre- 
sented by  the  symbol  a was  obtained  at  an  average  temperature 
of  18°C.  The  White  cell  data,  represented  by  the  symbol  <D  was 
obtained  at  an  average  temperature  of  21&C. 
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Figure  1 21.  Measured  pure  water  vapor  absorption  coefficient  for  the 
P(20)  CO„  laser  line  at  944.194  cm  . The  White  cell  data,  repre- 
sented by  the  symbol  a was  obtained  at  an  average  temperature 
of  1 8°C.  The  White  cell  data,  represented  by  the  symbol  cb  was 
obtained  at  an  average  temperature  of  21°C.  The  White  cell 
data  represented  by  the  symbol  A was  obtained  an  an  average 
temperature  of  28°C. 
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Figure  \22.  Measured  pure  water  vapor  absorption  coefficient  for  the 
R(20)/CO2  laser  line  at  975.930  cm’  • The  White  cell  data,  repre- 
sented by  the  symbol  n was  obtained  at  an  average  temperature 
of  :t8°C.  The  White  cell  data,  represented  by  the  symbol  O was 
obtained  at  an  average  temperature  of  21.5°C.  The  White  cell 
data  represented  by  the  symbol  A was  obtained  at  an  average 
temperature  of  28°C. 
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Figure  1?3.  Measured  pure  water  vaigor  absorption  coefficient  for  the 
R(??)  laser  line  at  977. ?1 4 cm  . The  White  cell  data,  repre- 
sented by  the  symbol  m,  was  obtained  at  an  average  temperature 

of 18°C. 
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Figure  1’4.  Measured  pure  water  vapor  absorption  coefficient  for  the 
R(28)  COg  laser  line  at  980.913  cm  • The  White  cell  data,  repre- 
sented by  the  symbol  Q,  was  obtained  at  an  average  temperature 
of  18°f\  The  White  cell  data,  represented  by  the  symbol<I>was 
obtained  at  an  average  temperature  of  21dC. 
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Figure  125.  Measured  pure  water  vapor  absorption  coefficient  for  the 
P(14)  CC>2  laser  line  at  1052.1 9fi  cm'1-  The  White  cell  data,  repre- 
sented by  the  symbol  Q,  was  obtained  at  an  average  temperature 

of 18°C. 
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Figure  1 28.  Measured  pure  water  vap<ir  absorption  coefficient  for  the 
R(18)  C02  laser  line  at  1077.303  cm"'.  The  White  cell  data,  repre- 
sented by  the  symbol  D,  was  obtained  at  an  average  temperature 

of  18°C. 


CHAPTER  VI 
ANALYSIS  OF  RESULTS 
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This  chapter  contains  an  analysis  of  the  experimental  data  presented 
in  Chapter  V.  In  the  first  section  we  shall  discuss  the  results  from  studies 
of  pressure  broadened  water  vapor  absorption  in  which  both  the  H„o  and 
relative  concentrations  of  N2  and  O2  were  varied.  Also  considered  here 
is  the  temperature  dependence  of  two  cases,  one  near  line  center  and  the 
second  for  far  wing  absorption.  The  second  section  deals  with  pure  water 
vapor  measurements  and  similar  discussions  on  the  temperature  dependence 
of  the  absorption  coefficient. 

With  the  exception  of  the  R(20)  CO„  laser  line  at  975.930  cm-1  all 
of  the  frequencies  considered  in  this  study  lie  in  the  far  wings  of  water  lines 
where  the  principle  contribution  to  absorption  comes  from  the  continuum. 
The  objective  of  this  chapter  is  to  infer  from  the  measurements  presented 
in  Chapter  V some  quantitative  properties  of  far  wing  absorption.  Those 
properties  include  both  the  frequency  and  temperature  dependence  between 
930  through  1085  cm  1 and  16°C-28°C  respectively.  The  final  section  of 
this  chapter  contains  this  analysis  of  continuum  absorption. 

A.  Pressure  Broadened  Water  Vapor  Measurements 


1.  Introduction 


In  Chapter  II  the  pressure  dependence  of  the  absorption  coefficient 
was  discussed  in  terms  of  a Lorentz  line  shape  for  the  collision  broadened 
water  vapor  lines.  One  of  the  frequency  limits  considered  there  was  near 
line  center  contributions  to  the  absorption  coefficient  for  which  the  pressure 
dependence  takes  the  form 


,NLC 


ANLCp 


bNLC  p2 


(102) 


where  ANLC  and  RNLC  are  positive  constants.  In  the  second  limit,  the  far 
wing  contribution  to  the  absorption  coefficient  was  shown  to  have  the  form 


,FW 


= A 


FW 


FW_2 


p + R ■ p 


(103) 


F W F W 

where  A . and  R : are  again  both  positive  constants. 


Pressure  dependence  of  the  absorption  coefficient,  k(  v),  at  frequencies 
which  are  not  in  proximity  to  an  absorption  line  she  M (based  on  Equation 
( 1 03))  take  the  form 


k(  v)  = 


= Ap  + Bp**. 


(104) 
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Table  5 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  H„0  in  N2 
measurements  at  a total  pressure  of  760  Torr.  The  data  has  been  fit  z 
to  an  equation  of  the  form  k=Ap+Bp  . Also  given  here  are  the  sample 
temperature  and  figure  numbers  where  these  data  are  plotted. 


Spectrophone 

White  Cell 

V 

ID 

A 

B 

T 

Figs. 

A 

1 

j B 

T (Figs. 

934.894 

P(30) 

1.32E-3 

1.04E-3 

24.5 

33,90 

2.75E-3 

1.19E-3 

22.5 

90 

936.804 

P(28) 

1.63F-3 

9.24E-4 

?4.5 

34,91 

2.44E-3 

1.10E-3 

22.51 

91 

938.688 

Pf?6) 

6.15E-4 

9.79E-4 

24.5 

35,92 

3.80E-3 

I9.73E-4 

22.5i 

92 

940.648 

P(24) 

6.11  E-4 

1.01  E-3 

24.5 

36,93 

4.34E-3 

9.73E-4 

22.! 

93 

947.383 

P(?2> 

7.25E-4 

9.93E-4 

24.5 

37,94 

5. 7 7 E-3 

8.64E-4 

22.5 

94 

944.194 

P(20) 

2.39  F-3 

8.56E-4 

23.5 

38,95 

1.96  E-3 

8.76E-4 

22.5 

95 

945.980 

P(1 8) 

1.09F.-3 

9.21 E-4 

24.5 

39,96 

1.25F.-3 

9.00E-4 

22.5' 

96 

951.19? 

P(1?) 

4.67F-4 

9.09E-4 

24.5 

40,97 

2.35E-3 

8.16E-4 

22.5 

97 

952.881 

P(10) 

1.21E-3 

9.1  IE-4 

24.5 

41,98 

2.52  E-3 

8.30E-4 

22.5 

98 

969.140 

R(10) 

3.09  E-4 

8.67E-4 

24.5 

42 

970.547 

R(1 2) 

1.32E-2 

6.41  E-4 

24.5 

43,99 

1.34E-2 

6.01  E-4 

22.5 

99 

971.930 

R(14) 

8.29E-3 

1.16E-3 

24.5 

44 

973.288 

R(16) 

6.36E-3 

7.90E-4 

24.5 

45 

974.622 

R(  18) 

6.86E-3 

7.19E-4 

22.5 

100 

975.930 

R(20) 

9.16E-2 

22.5 

46 

9.16E-2 

22.5 

101 

977.214 

R(22) 

4.98E-3 

7.80E-4 

25.0 

47,102 15.85E-3 

7.46E-4 

22.5 

102 

980.913 

R(28) 

1.84E-4 

8.58E-4 

25.0 

48,103 

1.24E-3 

7. 60  E-4 

22.5 

103 

1048.661 

P(18) 

4.22E-3 

6.66E-4 

22.5 

104 

1050.441 

P(16) 

9.38E-3 

2.64E-4 

23.5 

49,105 

5.54E-3 

6.28E-4 

22.5 

105 

1052.196 

P(14) 

7.92E-3 

3.48E-4 

22.5 

50,106 

5.12E-3 

6.61E-4 

22.5 

106 

1053.924 

P(  1 2) 

7.25E-3 

4.31E-4 

23.5 

51 

1073.278 

R(12) 

3.05E-3 

8.52E-4 

24.0 

52 

1077.303 

R(  18) 

1.51E-3 

6.94E-4 

24.0 

53,107, 

4.43E-3 

6.54E-4 

22.5 

107 

1079.852 

R(22) 

1.27E-3 

6.92E-4 

24.0 

54 

1081.087 

R(24) 

4.98E-4 

7.66E-4 

24.0 

55  { 

4.29E-3 

7.3  5 E-4 

22.5 

108 

1082.296 

R(26) 

4.15E-3 

5.71  E-4 

22.5 

109 

With  the  exception  of  data  taken  on  the  R(20)  line  at  975.93  cm"1,  the  pres- 
sure broadened  water  vapor  results  at  each  laser  frequency  have  been  fit 
to  a polynomial  of  the  form  given  in  Equation  (104).  At  975.93  cm*1  the 
absorption  coefficient  will  have  both  a near  line  center  and  far  wing  con- 
tributions, so  that 

k(975.9  cm"1)  = k^I,r+  IkF.W  . (l05) 

2.  Room  temperature  data 


In  Chapter  V,  results  from  spectrophore  and  White  cell  measurements 

of  f^O  in  N«,  H20  *n  80-20  air,  H20  in  60-40  air  and  H20  in  On  absorption 
were  plottea  as  a function  of  water  vapor  partial  pressure.  e‘ 

a.  curve  fit  coefficients 


The  curve  fit  coefficients  for  these  four  different  sample  gas  mixtures 
are  presented  here  in  Tables  5 through  8 respectively.  In  these  tables  the 
positive  coefficients  A and  R from  Equation  (104)  are  listed  for  each  laser 
freaueney  studied  together  with  the  sample  gas  temperature  and  figure  num- 
ber^) where  the  data  has  been  plotted  in  Chapter  V.  The  information  con- 
tained in  Tables  5 through  8 has  been  repeated  in  Tables  9 through  12  respec- 
tively using  a different  set  of  constants  which  facilitate  comparison  with 
the  results  of  other  researchers.  Tables  9 through  12  give  curve  fits  for  these 
experimental  data  in  terms  of  the  constants  C°(v)  and  Y,  for  which  the  absorp- 
tion coefficient  is  expressed  by”3 


where 


k(v)  = Cg(v)wH^0[pH^0  + yf  p-  ph^q)J  (106) 

WH  o 1S  llle  num^er  density  of  water  molecules, 

2 

PH  Q is  the  partial  pressure  of  H20, 

2 

Y is  proportional  to  the  ratio  of  the  foreign  and  self- 
broadening coefficients 


and  C°(  v)  is  a self  broadening  coefficient  in  molecules  ^atm  1 cm^. 

At  975.93  cm  1 (the  R(20)  laser  line)  k(v)  will  have  Hie  form  given  by 
Equation  (105).  However,  results  of  this  and  prior  studies R6  indicate  that 
to  within  experimental  accuracy,  the  appropriate  curve  fit  equation  has  the 
form 


k(975.93  cm'!) 


Ap  = C°P 


w 


h2o 


f 1 07) 
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Table  6 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  H„0  in  80%  N£ 
and  20%  0„  absorption  measurements  at  a total  pressure  of  76Q  Torr. 

The  data  has  been  fit  to  an  equation  of  the  form  k=Ap+Bp  . 

Also  given  here  are  the  sample  gas  temperature  and  figure 
number(s)  where  these  data  are  plotted. 


Spectrophone 

White  Cell 

V 

ID  i 

[ A 

B 

T 

Figs 

A 

B 

T 

Figs. 

936.804  i 

P(28) 

5.04E-3 

6.18E-4 

24 

56,110 

3.18E-3 

9.14E-4 

22 

100 

944.194  | 

P(20)  1 

4.80E-3 

6.47E-4 

24 

57,111 

3.26E-3 

8. 70  E-4 

22 

111 

975.930 

R(20) 

9.71  E-2 

24 

58,112 

9.79E-2 

22 

112 

977.214 

1 R(22)  ! 

1 

1 

7.12E-3 

7.35E-4 

22  | 

113 

980.913 

R(28) 

4.42E-3 

4.25E-4 

24 

59,114 

2.47E-3 

7.1 4 E-4 

22 

114 

046.854 

; P(20) 

9.31E-3 

3.81  E-4 

21 

60 

048.661 

P(18) 

1.20E-2 

1.38E-4 

21 

61 

050.441 

P(16) 

6.51  E-3 

5.50E-4 

21 

62 

077.303 

Rfl  8) 

6.68E-3 

4.93E-4 

21 

63 

082.296 

Rf  26) 

3.03  E-3 

9.05E-4 

21 

64 

Table  7 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  I^O 
in  60%  and  40%  On,  absorption  measurements  at  a total 
pressure£760  Torr.  The  data  has  been  tit  to  an  equation 
of  the  form  k=Ap+Bp  . Also  given  here  are  the  sample 
gas  temperature  and  the  figure  number(s)  where  these 
data  are  plotted. 


Spectrophone 

White  Cell 

V 

ID 

A 

B 

T 

Figs 

A 

B 

T 

Pip 

936.804 

P(28) 

5.27E-3 

6.46E-4 

23 

65,115 

7.33E-4 

9.69E-4 

21.7 

115 

944.194 

P(20) 

4.88E-3 

6.42E-4 

23 

66,116 

5.46E-4 

9.55E-4 

21.7 

116 

975.930 

R(20) 

1.07E-1 

23.6 

67,117 

1.02E-1 

21.7 

117 

977.214 

R(22) 

3.03E-3 

8.54E-4 

21.7 

118 

980.913 

R(28) 

4.17E-3 

4.57  E-4 

23 

68,119 

1.80E-3 

7.39E-4 

21.7 

119 

046.854 

P(20) 

5.11 E-3 

6.52E-4 

22 

69 

048.661 

P(18) 

4.64E-3 

5.94E-4 

22 

70 

050.441 

P(16) 

6. 8 5 E-3 

4.18E-4 

22 

71 

077.303 

R08) 

7.12E-5 

8.76E-4 

22.6 

72 

082.296 

R(26) 

9.43E-4 

9.42E-4 

22 

73 
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Table  8 

List  of  speetrophone  curve  fit  coefficients  for  H„G  in  O2  absorption 
measurements  at  a total  pressure  of  760  Torr.  The  data  has  been 
fit  to  an  equation  of  the  form  k=Ap+Bp  . Also  given  here  are 
the  sample  gas  temperature  and  the  figure  number(s) 
where  these  data  are  plotted. 


Speetrophone 

1 

V ' 

ID 

A 

B 

T 

Figs. 

936.804 

P(28) 

1.20E-3 

9.12E-4 

23 

74 

<>44.194 

P(20) 

8.72E-4 

9.12E-4 

23 

75 

975.930 

R(20) 

1.49E-1 

23 

76 

980.913 

Pf’8) 

3.54E-3 

4.92E-4 

23.1 

77 

1046.854 

P(?0) 

3.01  E-3 

6.69  E-4 

22 

78 

1048.661 

P(1 8) 

2.46F-3 

6.81E-4 

2? 

79 

1 050.441 

P(  1 6) 

4.64E-4 

8.03E-4 

22 

80 

1077.303 

Rf  1 8) 

2.6  3 E-3 

6.46E-4 

22.6 

81 

Table  9 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  1^0  in 
N„  measurements  at  a total  pressure  of  760  Torr.  The  data  has 
been  fit  to  an  equation  of  the  form  k(v)=C°(v)wpj  qEph  0+ 

y(P~Ph  _)].  Also  given  here  are  the  sample  gas  temperature 
and  figure  number(s)  where  these  data  are  plotted. 


Spectrophone  White  Cell 


V 

in 

C°X102,|  V 

T 

Figs. 

cW2*  y t 

Figs. 

9.34.894 

P(30) 

2.44 

T 

1.67E-3 

24.5 

33,90 

2.78 

3.03E-3  .22.5 

90 

936.804 

P(28) 

2.17 

2.32E-3 

24.5 

34,91 

2.57 

2.91  E-3  22.5 

91 

938.688 

Pf  26) 

2.29 

8.26E-4 

24.5 

35,92 

2.27 

5.11  E-3  22.5 

92 

940.548 

P(24) 

2.37 

7.95E-4 

24.5 

36,93 

2.28 

5.8 3 E-3  22.5 

93 

942.383 

P(22) 

2.33 

9.60E-4 

24.5 

37,94 

2.03 

8.71  E-3  22.5 

94 

944.194 

P(20) 

2.00 

3.66E-3 

23.5 

38,95 

2.04 

2.94E-3  22.5 

95 

945.980 

P(  18) 

2.16 

1.55E-3 

24.5 

39,96 

2.10 

1.82E-3  22.5 

96 

947.743 

P(16) 

| 

951.192 

P(12) 

2.13 

i 6.76E-4 

24.5 

40.97 

1.90 

3.78E-3  ; 22.5 

97 

952.881 

P(10) 

2.14 

: 1.74E-3 

24.5 

41,98 

1.94 

3.98E-3  22.5 

98 

969.140 

R(  1 0) 

2.03 

, 4.69E-4 

24.5 

42 

970.547 

R(  1 2) 

1.54 

2.64E-2 

24.5 

43,99 

1.44 

2.85E-2  22.5 

99 

971.930 

R(14) 

2.74 

9.32E-3 

24.5 

44 

1 

l 

973.288 

R(16) 

1.87 

1.05E-2 

24.5 

45 

I 

974.622 

R(18) 

1.69 

1.24E-2  ;22.5 

100 

975.930  R(20) 

0.280 

1.00 

22.5 

46 

.280 

1.00  | 

101 

977.214  1 R(22) 

1.84 

8.33E-3 

25.0 

47,102 

1.75 

1.02E-2  ;22.5 

102 

980.913 

R(28) 

2.01 

2.82E-4 

25 

48,103 

1.77 

2.14E-3  ; 22.5 

103 

1048.661 

P(  18) 

1.56 

8.27E-3  , 22.5 

104 

1050.441 

P(16) 

0.645 

4.47E-2 

23.5 

49,105 

1.48 

1.15E-2  22.5 

105 

1052.196 

P(  1 4) 

0.836 

2.91E-2 

23.5 

50,106 

1.55 

1.01E-2  22.5 

106 

1053.924 

P(12) 

1.03 

2.17E-4 

23.5 

51 

1073.278 

R(12) 

2.00 

4.69E-3 

24.0 

52 

1077.303 

R(  1 8) 

1.63 

2.85E-3 

24.0 

53,107 

1.53 

8.83E-3  : 22.5 

107 

1079.852 

R(22) 

1.62 

2.41  E-3 

24.0 

54 

! 

1081.087 

R(24) 

1.79 

8.55E-4 

24.0 

55 

1.7? 

7.62E-3  22.5 

108 

1082.296 

R(2R) 

1.34 

9.47E-3  1 22.5 

109 
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Table  10 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  HgO 
in  80%  N2  and  20%  Oo  absorption  measurements  at  a total 
pressure  of  760  Torr.  The  data  has  been  fit  to  an  equation 
of  the  form  Wv)=c5v)wH  0[pHj0+T,(I>-pH  Q)].  Also 

given  here  are  the  sample*2 gas  temperature  and  figure 
number(s)  where  the  data  are  plotted. 


— 

Spectrophone 

White  Cell 

V 

ID 

C°X1022 

y 

T 

! Figs. 

C°  io22 

S-L 

Y 

T 

Figs. 

936.804 

P(28) 

1.46 

1.O6E-2 

24 

| 56,110 

2.13 

4.56E-3 

22 

110 

944.194 

P(20) 

1.63 

9.67E-3 

24 

57,111 

2.03 

4.91  E-3 

22 

111 

976.930 

R(20) 

.299 

1.00 

24 

i 58,112 

.299 

1.00 

22 

112 

977.914 

R(?2) 

1.73 

1.26E-2 

22 

113 

980.913 

R(28l 

1.01 

1.35E-2 

24 

! 59,114 

1.67 

4.53E-3 

22 

114 

1046.864 

P(?0) 

.910 

3.12E-2 

21 

: 60 

1048.661 

P(  1 8) 

.366 

1.03E-1 

21 

61 

1060.441 

1 P(1 6) 

1.29 

1.63E-2 

21 

1 62 

1077.303 

R(  18) 

1.16 

1.76E-2 

21 

63 

1082.296 

R(26)  1 

2.10 

4.39E-3 

21  1 

64 

Table  1 1 

List  of  spectrophone  and  White  cell  curve  fit  coefficients  for  P^O  in 
60%  N»  and  40%  O,  absorption  measurements  at  a total  pressure 
of  760  Torr.  The  aata  has  been  fit  to  an  equation  of  the  form 
k(v)=C°(v)wH  „[pH  /-»+t(P-Ph  Also  given  here  are  the 

sample  gas  temperature  and  the  figure  number(s) 
where  these  data  are  plotted. 


Spectrophone 

White  Cell 

1 

1 

V ID 

L 

C°X1022 

i Y 

T 

Figs. 

jc°x1022,  Y *T 

Figs. 

936.804  , P(28) 

1.52 

1 .06  E- 2 

23 

65,115 

2.25  9.94E-4  21.7 

1115 

944.194  j P(?0) 

1.51 

9. 90E-3 

23 

66,116 

2.22  f7.52E-4  j 21 .7 

116 

975.9301  R(?0) 

.329 

1.00 

23.6 

67,117 

.312  tt.00  |21.7 

1 1 1 7 

977.214:  R(22) 

I 

1.99  |4.65E-3  { 21.7 

1 118 

980.913!  R(28) 

1.08 

1.19E-2 

23 

68,119 

1.72  B.19E-3  21.7 

h 19 

1046.854  P(20) 

1.53 

1.02F.-2 

22 

69 

f 

1048.661  1 P(  18) 

1.39 

1.02E-2 

22 

70 

I 

1050.441  Pf  16) 

.991 

2.1  IE-2 

22 

71 

i 

1077.303  Rf  18) 

j 2.04 

1.07E-4 

22.6 

72 

| 

1082.296  R(26) 

2.19 

1.32E-3 

22 

73 

1 
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Table  12 

List  of  speetrophone  curve  fit  coefficients  for  H„o  in  On  absorption 
measurements  at  a total  pressure  of  760  Torr.  The  data  has  been 
fit  to  an  equation  of  the  form  k(v)=C°(v  )wH  Q[pH  Q+Y(P-pH  Q)J  . 

Also  given  here  the  the  sample  gas  temperatures  and  the  figure 
numbers  where  these  data  are  plotted. 


Speetrophone 


v 

ID 

■{  1 

po  - rt22  i 

Csxl°  J 

Y 

T 



Figs. 

936.804 

P(28) 

2.13 

1.73E-3 

23 

74 

944.194 

P(20) 

2.13 

1.26E-3 

23 

75 

976.930 

R(20) 

.457 

1.00 

23 

76 

980.913 

R(28) 

1.16  , 

9.38E-3 

23.1 

77 

1046.854 

Pf  20) 

1.56  l 

5.89E-3 

22 

78 

1048.661 

P(18) 

1.59 

4.73E-3 

22 

79 

1050.441 

P(16) 

1.87 

7.60E-4 

22 

80 

1077.303 

R(1 8) 

1.51 

5.33E-3 

22.6  ' 

81 
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This  is  the  equation  to  which  data  at  the  R(20)  laser  line  have  been  fit  in 
Tables  5 through  12.  Consideration  of  Equations  (102)  and  (103)  shows  that 
in  order  for  k to  bo  linear  with  water  vapor  partial  pressure  it  is  neoossary 
that 


-bnlc  + I rF.w  = 0> 

or  using  the  equations  137)  and  (43) this  implies 


R-1 


Pa760 


" (w0\(  pJ(B-l)+760Y 

p£(R-l)+760 

1-3 1 0 ) \ 780  j 

760 

L ^ aL  J 

1R-1) 


(108) 


— 0 (1 09) 

net . 


-m-i)p°?+7fioP2 


ira 


L. 


where  the  term  on  the  left  hand  side  represents  RN,jr  and  the  terms  on  the 
right  hand  side  giv^*  £ R . . The  separation  between  the  Pl?0l  CO9  laser 

line  at  973.93  cm  and  tne  adjacent  water  line  can  be  found  by  solving  Eq- 
uation (1 08)  for  (v-v),  j.e.,  o 2 0 1 

/aL.  \ Si 

j a° 


”'v»i  =“L)  I?" ) ST*' 


L. 


f 760 

73P° 


(110) 


The  series  in  the  numerator  can  be  evaluated  using  the  AFCRL  line  r mpi- 
lation  with  the  result  that  |v  - v | should  be  on  the  order  of  .495  , where 

— 1 fi7  ^ 

>s  approximately  0.0405  cm  . According  to  this  same  reference  |v- 
v | is  0.082,  but  this  separation  results  in  a calculated  absorption  coefficient 
wnich  is  much  smaller  than  that  observed  experimentally.  Based  on  this  simple 
calculation  we  estimate  that  the  separation  is  actually  6.02  cm"'. 

b.  comparison  of  results 


in  this  section  two  comparisons  will  be  noted,  the  first  is  between  the 
spectrophone  and  White  cell  data  taken  in  this  study.  The  second  is  between 
the  results  of  this  studv  and  those  of  previous  workers. 

1 . this  study 

Figures  90  through  109  in  Chapter  V display  a comparison  between  the 
White  cell  and  spectrophone  measurements  of  water  vapor  in  nitrogen  ab- 
sorption. With  the  exception  of  the  P(22)  through  P(30)  lines  in  the  10.4  urn 
band  and  the  R(18)  line  at  1077.3  cm"  the  agreement  is  quite  good.  The 
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inconsistencies  at  the  P(22)  through  P(30)  lines  can  possibly  be  associated 
with  the  fact  that  these  five  lines  were  all  measured  on  the  same  day.  This 
implies  that  an  error  associated  with  measuring  the  background  transmis- 
sion of  the  cell  would  appear  at  all  five  laser  lines.  It  should  also  be  noted 
here  that  the  data  recorded  at  these  five  lines  were  taken  at  a reduced  path 
length  of  only  1 km  while  all  other  White  cell  results  were  obtained  at  1.5 
km.  In  light  of  the  discussion  given  in  Chapter  III  on  the  susceptibility  of 
transmittance  measurements  to  errors  in  highly  transmitting  samples  this 
author  tends  to  support  the  spectrophone  data. 


A direct  comparison  of  all  the  results  at  a single  water  vapor  partial 
pressure,  14.3  Torr  is  given  in  Figure  127  where  absorption  in  km-1  is  plotted 
vs  wavenumber  in  cm  . In  this  figure  the  White  cell  data  is  indicated  by 
the  triangles  and  the  spectrophone  results  by  the  squares.  A close  examination 
of  Figure  V>7  shows  that  f if  the  rapid  local  variation  around  970  cm"  are 
ignored  water  vapor  absorption  decreases  slowly  with  increasing  wavenumber. 
More  will  be  said  concerning  frequency  dependence  when  the  continuum  is 
discussed  in  the  final  section  of  this  chapter. 


^he  results  obtained  with  the  nitrogen-oxygen  buffer  gas  mixtures  are 
compared  in  Figures  110  through  119  of  Chapter  V.  These  results  indicate 
reasonable  agreement  between  the  two  techniques.  In  particular  the  data 
at  975.93  cm  J demonstrates  that  the  spectrophone  calibration  is  accurate 
to  better  than  1%.  The  results  of  absorption  measurements  with  80-20  air, 
given  in  Figures  110  through  114,  indicate  that  a slightly  lower  absorption 
is  being  measured  with  the  spectrophone  than  by  the  White  cell.  With  the 
60-40  buffer  gas  mixture  this  pattern  is  reversed,  see  Figures  115  through 
119,  and  the  spectrophone  measurements  indicate  a slightly  higher  absorption 
than  the  White  cell  data. 


A plot  of  all  the  80-20  artificial  air  results  is  given  in  Figure  128  where 
absorption  has  been  plotted  vs  wavenumber.  This  plot  provides  an  overall 
comparison  of  these  results  at  a water  vapor  partial  pressure  of  14.3  Torr 
and  again  shows  that  HgO  absorption  is  a slowly  varying  function  of  frequency. 
In  Figure  128  the  spectrophone  data  are  given  by  the  diamonds,  while  the 
White  cell  data  are  indicated  with  the  crosses.  The  spectrophone  data  were 
taken  at  '''24°C,  while  the  White  cell  measurements  were  made  at  'v22°C; 
this  temperature  difference  accounts  for  some  of  the  discrepancy  observed 
in  Figure  128. 


2.  previous  studies 

The  most  extensive  set  of  data  with  which  to  form  a comparison  comes 
from  the  work  of  Shumate,  et  al.  at  the  Jet  Propulsion  Laboratory,  JPL  . 
They  have  used  a resonant  spectrophone  to  measure  H„o  in  air  absorption 
at  49  CO„  laser  lines.  To  formulate  a comparison,  we  nave  fit  their  data, 
listed  at  three  water  vapor  partial  pressures  (5,  10  and  15  Torr)  to  Equation 
(104)  for  each  laser  frequency.  Using  the  A and  B coefficient  obtained  from 
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oii/ot/76  WATER  VAPOR  ABSORPTION 


Figure  127.  Measured  H2O  in  N?  absorption  as  a function  of  the  COo  laser  line  wavenumber.  The  water  vapor 
partial  pressure  is  14.3  Torr  and  the  total  pressure  is  760  Torr.  Average  temperature  is  23.4°C. 


these  curve  fits,  the  absorption  at  a partial  pressure  of  14.3  was  calculated. 
Figure  129  shows  a plot  of  the  JPL  data  vs  wavenumber  together  with  the 
; results  from  this  study.  In  Figure  1 29  the  JPL  data  are  indicated  by  crosses 

j i while  the  results  from  this  study  are  denoted  by  triangles  for  the  White  cell 

' experiments  and  squares  for  the  spectrophone  data. 

To  some  extent  the  comparison  indicated  in  Figure  129  is  not  valid 
since  the  JPL  data  represents  measurements  of  H„0  in  air  at  300°K  while 
the  data  from  this  study  is  from  measurements  of  il„o  in  N9  at  ,v2960K. 

In  this  regard  it  would  seem  most  reasonable  to  form  a comparison  with  the 
HgO  in  80-20  air  results  of  this  study.  However,  those  results  have  not  been 
included  since  such  a comparison  does  not  remove  any  of  the  inconsistencies 
in  Figure  129.  A nominal  temperature  difference  of  four  degrees  in  the  sample 
gas  is  significant  and  would  cause  the  measurements  at  the  higher  tempera- 
ture to  indicate  a lower  absorption  (see  results  of  temperature  studies)  but 
it  is  doubtful  that  this  argument  could  be  used  to  explain  the  differences 
observed  in  Figure  129  near  the  9.4  pm  band. 

In  Figure  129  results  are  compared  at  a single  partial  pressure;  it  is 
also  desirable  to  consider  absorption  as  a function  of  water  vapor  concen- 
tration. A typical  example  is  given  in  Figure  130  where  results  of  the  two 
studies  are  given  for  the  R(22)  CC>2  laser  line  at  977.214  cm-1.  The  JPL 
data  (denoted  by  the  crosses)  indicate  an  absorption  that  is  much  larger  at 
low  partial  pressures  and  smaller  at  high  (greater  than  16  Torr)  partial  pres- 
sures than  predicted  by  this  study.  In  terms  of  the  curve  fit  constants  A 
and  R of  Equation  (104)  we  have 

^JPL  > ^this  study 

bJPL  < Rthis  study  Oil) 

This  condition  is  observed  at  nearly  all  frequencies  and  means  that  the  JPL 
data  has  less  curvature.  In  terms  of  physical  parameters,  the  second  condi- 
tion implies  that  a smaller  self-broadening  coefficient  was  observed  in  the 
JPL  data  than  this  study.  An  example  of  this  is  given  in  Table  13,  where 
values  of  the  self  broadening  coefficient  are  listed  for  the  P(20)  CO„  laser 
line  at  944.194  cm-1.  1 

69 

McCoy  also  measured  H o in  air  absorption  for  the  P(20)  C09  laser 
line  at  944.194  cm  using  the  White  cell  at  this  laboratory.  His  results  (de- 
note by  the  wyes)  appear  in  Figure  131  together  with  results  from  this  study. 
The  agreement  shown  here  is  quite  good;  unfortunately  McCoy  did  not  specify 
the  temperature  at  which  his  data  were  taken  which  makes  this  comparison 
a little  obscure. 
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ABSORPTION  tKN-l) 


Figure  130^  Comparison  of  measured  water  vapor  absorption  coe ffieien 
(in  km  ) for  the  R(22)  CO.  laser  line  at  977.214  cm  and  a total 
sample  gas  pressure  of  76trTorr.  The  symbol  X indicates  the  JPL 
experimental  data  for  »20  in  air  at  300°K.  The  results  for 
H„0  in  N2  from  this  study  are  given  by  the  symbol  H?  for 
The  speetrophone  data  recorded  at  298°K  and  by  the 
symbol^  for  the  White  cell  data  taken  at  'v,296°K. 


200 


OH/ 12/78 


P (20)  944.  194  CM- 1 


PARTIAL  PRESSURE  H20  (TORA) 


Figure  131.  Measured  absorption  in  km-1  as  a function  of  water  vapor 
partial  pressure  in  Torr  for  the  P(20)  CO„  laser  line  at  944.194  cm* 
The  symbol  Y indicates  the  results  obtained  by  McCoy  for  a H„o 
in  air  sample  at  a total  pressure  of  700  Torr.  Data  from  spectro- 
phone  and  White  cell  measurements  of  H„0  in  N2  at  a total 
pressure  of  760  Torr  are  given  by  the  symbol  * for  this  study. 

The  broken  curve — indicates  the  least  square  fit 

of  McCoy's  data  to  Equation  (129)  while  the  solid  curve 
gives  the  best  fit  to  the  data  from  this  study. 
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Table  13 

Comparison  of  measured  values  of  the  self  broadening  coefficient 
for  the  P(20)  CC>2  laser  line  at  944.194. 


h2°  in  N2  H2°  in  Aip 


This  Study 

i McCoy 
Ref.  69 

This  Study 

JPL 
Ref.  68 

Spectrophone 

White  Cell 

Spectrophone 

White  Cell 

272 

339 
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102 

203 

88 

The  analysis  just  given  provides  a comparison  of  water  vapor  continuum 
absorption.  It  is  also  of  interest  to  consider  the  near  line  center  behavior 
for  the  R(20)  at  975.93  cm  . The  absorption  at  this  frequency  is  linear  with 
«20  partial  pressure  so  it  is  sufficient  to  list  the  curve  fit  parameter  A (i.e., 
the  slope)  see  Equation  (107)  in  order  to  describe  the  results  of  a particular 
study.  In  Table  14  the  measured  values  of  A from  Shumate,  et  al.  and  this 
study  are  given  for  both  H„0  in  N2  and  H„0  in  air.  These  results  indicate 
only  fair  agreement,  considering  the  leveTof  absorption  being  observed. 

The  data  from  this  study  indicate  a smaller  level  of  absorption,  although 
direct  comparison  is  difficult  since  the  results  being  considered  here  were 
obtained  at  different  temperatures. 


Table  14 

Comparison  of  measured  values  of  A for  the  R(20)  CO„  laser  line  at 
975.93  cm-1.  A is  the  curve  fit  coefficient  given  in  Equation  (107), 
i.e.,  k=Ap  where  k is  the  absorption  coefficient  (km-1)  and  p is 
the  H2o  partial  pressure  (Torr).  Total  pressure  for 
these  measurements  was  1 atm. 


Measured  Values  of  A where  k=Ap  (km-1)  for  the 
R(20)  Line  at  975.93  cm-1. 


c.  effects  of  oxygen 


I 

I 


I 

I 

I 
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In  Thapter  V results  are  also  given  from  experiments  in  which  the  ni- 
trogen and  oxygen  content  of  the  broadening  gas  was  varied.  Table  15  pro- 
vides a list  of  figures  where  the  spectrophone  and  White  cell  date  can  be  found 
for  the  laser  lines  used  to  study  this  effect.  Since  neither  N„  nor  O2  a^e 
infrared  active,  their  influence  on  the  absorption  process  arises  from  the 
collision  broadening  of  the  water  vapor  absorption  lines. 


Table  15 

List  of  figures  where  the  indicated  pressure  broadened  water  vapor 
absorption  data  may  be  found.  The  * indicates  that  this  figure  will 
show  a comparison  of  spectrophone  and  White  cell  data. 


V 

ID 

H„0  in 
hr 

Figure  No. 

H„0  in 
8(1-20  Air 
Figure  No. 

H?0  in 
6CJ-40  Air 
Figure  No. 

H20  in 
Figure  No 

936.804 

P(28) 

34,91* 

56,110* 

65,115* 

74 

944.194 

P(20) 

38,95* 

57,111* 

66,116* 

75 

975.930 

R(20) 

46,101 

58,112* 

67,117* 

76 

977.215 

R(22) 

47,102* 

113 

118 

980.913 

R(28) 

48,103* 

59,114* 

68,119* 

77 

1046.854 

P(20) 

60 

69 

78 

1048.661 

P(1 8) 

104 

61 

70 

79 

1050.441 

P(16) 

105 

62 

71 

80 

1077.303 

R(  1 8) 

107 

63 

72 

81 

1082.296 

R(?6) 

109 

64 

73 
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The  explicit  dependence  of  the  line  profile  on  the  relative  oxvgen  con- 
centration can  be  found  by  substituting  the  equation  for  halfwidth,  Equation 
0 5),  into  the  equation  for  the  Lorentz  line  shape,  Equation  (13),  with  the 


result  that 


gT  (v-v  ) 
■j  O 


(112) 


where  x is  the  fraction  of  oxygen  in  the  buffer  gas,  i.e., 
Pjxl  = Pa^  B-(Fx+1-x)]+760[  Fx+1-x], 
p (x  ) is  an  arbitrary  reference  effective  pressure, 
a^j  is  the  Lorentz  half  width  at  Pe=Pe(x°), 

F>jJ  is  the  absorber  partial  pressure, 

IT  is  the  selfbroadening  coefficient, 
and  F is  the  foreign  broadening  coefficient. 


Several  workers  have  eSi.abVsi)p^  that  oxygen  >s  a less  effective  broadening 
molecule  than  nitrogen'®’' *’”®so  that  F must  be  less  than  one. 
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The  influence  of  oxygen  on  the  absorption  coefficient  will  enter  directly 
through  the  parameter  x,  i.e.,  x=0  corresponds  to  no  oxygen  present  while 
x=1  is  the  case  of  a buffer  gas  consisting  of  100%  0?.  The  contribution  of 
a single  absorption  line  to  k(  v)  is  given  by 


k(  v;x)  =iL_- 
™L 


1 - ax 


„ /v-v 

(1-ax)2+[— ^ 

V a L 


1 


(113) 


in  which  the  constant  a is  defined  as 
. 760-Po 

a = (1-F) 


Pe(°)  J 


and  p (x°)=p  (0).  Now,  if  ax<<  1 )-(l-ax)2 
mated  by 


(114) 


M Equation  (113)  can  be  approxi- 


k(  v;x)  % 


1 - ax 


which  simply  says  that  k(v;x)  will  slowly  decrease  as  x increases, 
gen  is  added. 


(115) 

i.e.,  as  oxy- 


In  general  ax  does  not  satisfy  the  strict  inequality  ax  <<  1 so  that  a 
more  complete  analysis  of  Equation  (113)  is  required.  Further  inspection  of 
this  equation  shows  that  it  has  exactly  the  same  form  as  the  real  (i.e.,  re- 
active) part  of  the  atomic  susceptibility  function,  provided  we  identity  fl- 
ax) as  the  independent  variable.  In  Figure  132  a plot  of  equation  (113)  is 
shown  with  k as  the  dependent  variable  and  (1-ax)  as  the  independent  vari- 
able. It  should  be  noted  that  negative  values  of  (1-ax)  have  no  physical  sig- 
nificance and  that  0 < (1-ax)  < 1.  Also  as  oxygen  is  added  the  parameter 
x (0<^x<  1)  will  increase  so  that  the  independent  variable  (1-ax)  must  decrease 
in  value,  i.e.,  as  the  oxygen  concentration  increases  we  must  trace  the  curve 
in  Figure  132  back  toward  the  origin. 

In  the  far  wing  approximation  (v-v  /w.)  » i,  So  that  the  maximum 
in  Equation  (113)  will  occur,  see  Figure  1 j2,  Tor  (1-ax)  greater  than  1 which 
is  outside  the  range  of  physically  meaningful  values.  For  this  case,  the  ab- 
sorption coefficient  does  not  obtain  a maximum  but  will  show  a monotonic 
decrease  as  the  oxygen  concentration  increases,  i.e.,  as  (1-ax)  decreases. 

This  behavior  is  essentially  consistent  with  that  observed  in  the  experimental 
data  shown  in  Figures  133  through  137  where  plots  of  spectrophone  measure- 
ments with  varying  relative  concentrations  of  nitrogen  and  oxygen  are  given. 
These  data  show  a trend  of  decreasing  absorption  with  increasing  oxygen. 
Comments  concerning  the  White  cell  data  will  follow  shortly. 
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Figure  132.  Plot  of  Equation  (113)  as  a function  of  the  variable  (1-ax). 
Where  x gives  the  fraction  of  oxygen  in  the  buffer  gas. 

For  a near  line  center  contribution  to  the  absorption  coefficient 

5. s°  that  the  maximum,  S/(2 tt  | v - v0 1 ) can  actually  occur. 

L 

Note  that  this  requires  the  laser  line  reside  within  the  half  width  of  the  ab- 
sorption line.  Further  examination  of  this  case  shows  that  two  situations 
are  possible: 


0 < 


V- v_ 


1.  l'v 


V V, 


a 

L 

In  the  first  case  k will  also  show  a steady  (monotonic)  decrease  as  the  oxygen 
concentration  increases.  For  the  second  case  k will  increase  as  oxygen  is 
added  until  l-ax=  |v-vq|  /a'^  after  which  a decrease  in  absorption  follows, 
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PARTIAL  PRES3URE  H20  tTORR) 


Figure  133.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(28)  C02  laser  line  at  936.804  cm  • 
The  symbol  6 indicates  spectrophone  results  for  H„0  in  80-20  air 
at  a temperature  of  24°<^.  The  symbol  0 indicate?  spectrophone 
results  for  H„o  in  60-40  air  at  a temperature  of  23°C.  The 
symbol  X indicates  spectrophone  results  for  H„o  in  02 
at  a temperature  of  23°C. 
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7igure  134.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(20)  CC>2  laser  line  at  944.194  cm  . 
The  symbol  $ indicates  spectrophone  results  for  H„0  in  80-20  air 
at  a temperature  of  24°C.  The  symbol  © indicates  spectrophone 
results  for  H,0  in  60-40  air  at  a temperature  of  23°C.  The 
symbol  X indicates  spectrophone  results  for  H„0  in  02 
at  a temperature  of  23°C. 
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Figure  135.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  R(28)  CC>2  laser  line  at  980.913  cm'  . 
The  symbol  <!>  indicates  spectrophone  results  for  H„o  in  80-20  air 
at  a temperature  of  24°C.  The  symbol  © indicates  spectrophone 
results  for  H„o  in  60-40  air  at  a temperature  of  23°C.  The 
symbol  X indicates  spectrophone  results  for  H2o  in  C>2 
at  a temperature  of  23°C. 
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Figure  136.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(20)  CO  laser  line  at  1046.854  cm  . 
The  symbol  $ indicates  spectrophone  results  for  HnO  in  80-20  air 
at  a temperature  of  24°C.  The  symbol  <5>  indicates  spectrophone 
results  for  H^O  in  60-40  air  at  a temperature  of  23°C.  The 
symbol  X indicates  spectrophone  results  for  HnO  in  On 
at  a temperature  of  23°C. 
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Figure  137.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(18)  CO-  laser  line  1048.661  cm-1. 
The  symbol  $ indicates  spectrophone  results  for  H„o  in  80-20  air 
at  a temperature  of  24°C.  The  symbol  0 indicates  spectrophone 
results  for  H„o  in  60-40  air  at  a temperature  of  23°C.  The 
symbol  X indicates  spectrophone  results  for  H„o  in  Oo 
at  a temperature  of  23°C. 
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see  Figure  132.  It  should  be  noted  here  that  k will  increase  as  Or  is  added 
only  if  lv_vn  l/aj,  < 1.,  Since  this  behavior  is  observed  for  the  R(20)  COo 
laser  line  at  975.9a  cm  , i.e.,  k increased  as  the  relative  oxygen  concentra- 
tion was  raised,  the  laser  line  must  be  located  within  the  half  width  of  the 
absorption  line.  This  observation  further  substantiates  the  results  cal- 
cinated with  Equation  (110).  In  Figure  138  the  measured  absorption  coeffi- 
cient at  the  R(20)  laser  line  is  plotted  vs  water  vapor  partial  pressure,  for 
four  different  buffer  gas  mixtures,  pure  N2,  80-20  air,  60-40  air,  and  pure 

On. 


In  Figures  139  through  143  comparison  plots  of  the  White  cell  measure- 
ments with  three  different  buffer  gas  concentrations  are  given.  An  inter- 
esting aspect  of  these  results  is  the  anomalous  increase  of  absorption  with 
the  80-30  air  mixture  at  the  P(20),  R(22)  and  R(28)  laser  lines.  We  have  at- 
tempted to  analyze  this  behavior  in  terms  of  the  theory  just  presented  using 
a modified  line  shape  such  as  that  given  by  Equation  (19).  The  result  is  that 
the  maximum  shown  in  Figure  132  will  occur  at  frequencies  outside  the  Lorentz 
half  width  for  a suitably  modified  line  shape,  i.e.,  by  varying  the  parameter 
a in  Equation  (19).  Using  this  model  it  can  be  argued' " that  the  increase 
observed  with  the  80-20  air  mixture  represents  the  absorption  coefficient 
passing  through  a maximum  as  the  effective  pressure  P decreases,  i.e.,  ox- 
ygen is  added.  However,  this  explanation  only  providesea  qualitative  descrip- 
tion that  does  not  accurately  model  the  behavior  observed  in  Figures  140, 

142  and  143.  This  discrepancy  can  possibly  be  explained  by  the  fact  that 

1.  The  major  contribution  to  absorption  at  these  (P(20),  R(22)  and 
R(28))  laser  lines  comes  from  the  continuum,  i.e.,  the  far  wings 
(if  we  reject  the  water  dimer  and  cluster  theories). 

2.  The  increase  observed  here  falls  within  the  possible  limits  of  ex- 
perimental error. 

70 

M.  E.  Thomas'0  has  performed  an  experiment  in  which  the  water  vapor  partial 
pressure  was  held  constant  and  the  effective  pressure  varied  by  changing  the 
total  sample  gas  pressure,  i.e.,  adding  nitrogen.  Preliminary  results  of  his 
experiment  indicate  that  the  anomalous  increases  being  considered  here  were 
not  produced  by  a change  in  the  effective  pressure  of  the  gas  mixture. 

3.  Temperature  Studies 

The  temperature  dependence  of  pressure  broadened  water  vapor  ab- 
sorption at  three  laser  lines  was  studied  with  the  speetrophone. 

a.  curve  fit  coefficients 

The  curve  fit  parameters  for  these  lines  are  listed  in  Tables  16  and 
17  together  with  the  corresponding  temperature  of  the  sample  gas.  Also 
given  are  figures  in  which  the  data  is  plotted.  The  A and  B coefficients  of 
Equations  (104)  and  (107)  are  listed  in  Table  16,  while  the  constants  C°(v) 
and  y of  Equation  (106)  are  given  in  Table  17.  s 
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Figure  138.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  R(20)  COg  laser  line  at  975.930  cm"1. 
The  symbol  ❖ indicates  spectrophone  results  for  H„o  in  80-20  air 
at  a temperature  of  24°C\  The  symbol  □ indicates  spectrophone 
results  for  H„o  in  N,  at  a temperature  of  22.5°C.  The  symbol 
X indicates  spectrophone  results  for  H„o  in  O,  at  a tempera- 
ture of  23°C.  The  symbol  © indicates  spectrophone  results 
for  HzO  in  60-40  air  at  a temperature  of  23.6°C. 
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Figure  139.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(28)  CC>2  laser  line  at  936.804  cm. 

The  symbol  A indicates  White  cell  results  for  H„0  in  N?  at  a 
temperature  of  22.5 °C.  The  symbol  + indicates  White  cell 
resultsfor  H„0  in  80-20  air  at  a temperature  of  22°C.  The 
symbol  O indicates  White  cell  results  for  H„o  in  60-40  air 
at  a temperature  of  22°C. 
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Figure  140.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  P(20)  CO,  laser  line  at  944.194  cm  . 
The  symbol  Vindicates  White  cell  results  for  H„0  in  N,  at  a 
temperature  of  22.5°C.  The  symbol  + indicate  White  cell 
results  for  H„0  in  80-20  air  at  a temperature  of  22°C.  The 
symbol  O indicates  White  cell  results  for  H„o  in  60-40  air 
at  a temperature  of  22°C. 
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Figure  142.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  R(22)  CO„  laser  line  at  977.214  cm. 
The  symbol^  indicates  White  cell  results  for  H_o  in  N9  at  a 
temperature  of  22.5°C.  The  symbol  + indicates  White  cell 
results  for  H„0  in  80-20  air  at  a temperature  of  22°C.  The 
symbol  O indicates  White  cell  results  for  H„o  in  60-40  air 
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Figure  143.  Measured  water  vapor  absorption  coefficient  at  a total 
pressure  of  760  Torr,  for  the  R(28)  C02  laser  line  at  980.913  cm- 
The  symbol  A indicates  White  cell  results  for  H?o  in  No  at  a 
temperature  of  22.5°C.  The  symbol  + indicates  White  cell 
results  for  H„0  in  80-20  air  at  a temperature  of  22°C.  The 
symbol  <2>  indicates  White  cell  results  for  H„0  in  60-40  air 
at  a temperature  of  22°C.  L 
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Table  16 

List  of  curve  fit  coefficients  for  spectrophone  measurements  of  HgO 
in  80-20  air  at  the  sample  temperatures  indicated.  The  data  has 
been  fit  to  an  equation  of  the  form  k=Ap+Bp  . These  studies 
were  performed  at  a total  pressure  of  760  Torr.  The  last 
column  lists  the  figure  numbers  where  the  data  is  plotted. 

The  * indicates  that  this  curve  fit  is  for  White  cell  data. 
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Table  17 

List  of  curve  fit  coefficients,  C°  and  y for  spectrophone  measurements 
of  H„o  in  80-20  air  at  the  sample  temperatures  indicated.  The  data 
has  been  fit  to  an  equation  of  the  form  k(v)=C°(v)wH  qCph  q+ 

Y(p-p„  _)].  These  studies  were  performed  at  a tota? pressure 

**nU 

of  76(J  Torr.  The  last  column  lists  the  figures  where  the  data 
is  plotted.  The  * indicates  that  this  curve  fit  is  for 
White  cell  data. 


vo  -1 
cm 

ID 

C°x1022 

Y 

Temp 

°C 

Figs 

944.194 

P(20) 

2.16 

5.13E-3 

15.9 

82 

P(20)* 

2.03 

4.91  E-3 

22 

111 

P(20) 

2.08 

3.86E-3 

27.6 

83 

947.742 

P(  1 6) 

2.88 

4.92E-3 

16.0 

84 

P(l  6 ) 

2.07 

8.36  E-3 

27.6 

85 

975.930 

R(  20) 

0.258 

1.0 

15.6 

86 

R(20) 

0.299 

1.0 

24.0 

58 

R(20) 

0.330 

1.0 

27.6 

87 

i 


218 


b.  temperature  eocffieient 

1.  near  line  center 

Two  cases  will  again  be  considered,  the  first  is  that  of  near  line  cen- 
ter absorption  for  the  R(20)  CO„  laser  line  at  975.93  cm  . Inspection  of 
Figure  2 shows  that  for  a typical  water  vapor  line  in  the  10  urn  region  k will 
show  a very  significant  increase  with  a rising  temperature.  In  Figure  144 
the  measured  absorption  coefficient  is  plotted  against  water  vapor  partial 
pressure  for  three  temperatures,  15.6  C,  24  C and  27.6  C.  These  experi- 
mental results  demonstrate  a significant  increase  in  the  absorption  coeffi- 
cient as  the  temperature  was  raised  from  15.6  C to  27.6  C.  A quantitative 
comparison  between  the  experimental  results  and  the  theoretical  predictions 
of  Equation(37)  is  given  in  Figure  145  where  the  percentage  change  in  k has 
been  plotted  vs  temperature.  The  solid  curve  is  aplot  of  Equation (38)  using 
a lower  state  energy  level,  E„  of  1557.838  cm-1  for  the  water  line  and 
a reference  temperature  of  T°  = 300°K.  Considering  the  simplicity  of  the 
model  being  used  here,  i.e.,  the  far  wing  contributions  are  ignored,  these 
results  indicate  good  agreement. 

2.  far  wings 

In  this  development  we  shall  assume  that  the  temperature  dependence 
of  water  vapor  continuum  absorption  at  the  10  ym  P(16)  and  P(20)  laser  lines 
can  be  attributed  to  the  far  wing  properties  of  H„o  absorption  lines.  The 
results  of  in  80-20  air  measurements  at  16  C and  27.6  C for  these  two 
laser  lines  are  given  in  Figures  146  and  147,  respectively.  These  data  indi- 
cate a significant  decrease  in  absorption  as  the  temperature  is  raised  from 
lfi°r  to  27°C.  A consideration  of  Equation  (41)  shows  that  the  relative  change 
in  the  absorption  coefficient,  i.e.,  Ak/k,  should  be  independent  of  the  absorber 
partial  pressure  or 

(pa)  = constant.  (116) 

However,  a close  examination  of  the  data  presented  in  Figures  146  and  147 
shows  that  the  percentage  change  in  the  absorption  coefficient  per  degree 
Kelvin  is  not  a constant  over  the  entire  range  of  water  vapor  partial  pres- 
sures. In  particular  the  curves  for  the  absorption  data  at  the  P(16)  laser  line 
cross  near  a H_0  partial  pressure  of  2 Torr,  see  Figure  147.  Since  the  con- 
dition given  by  Equation  (116)  is  not  observed,  an  interpretation  of  these 
results  will  require  either  a modification  of  the  basic  theory  presented  in 
Chapter  n or  a tacit  acknowledgment  of  experimental  error.  We  shall  choose 
the  latter. 

If  one  employs  the  dimer  theory  of  continuum  absorption  it  is  possible 
to  explain  this  behavior  in  terms  of  the  (HjOU  contribution  to  the  tempera- 
ture dependence.  Since  the  concentration  of  dimers  is  expected  to  vary  as 
the  square  of  water  vapor  partial  pressure  their  contribution  (to  the  tem- 
perature dependence)  would  also  be  a function  of  p A second  alternative 
is  to  acknowledge  the  presence  of  an  experimental  error  on  the  order  of  0.002 
cm"^  in  these  measurements.  The  results  at  the  P(20)  laser  line  indicate 


219 


o«4/u/78  R (20)  975.930  CM-1 


Figure  1 44.  Measured  absorption  coefficient  of  H„o  in  80-20  air  for  the  R(20)  C02 
laser  line  at  975.930  cm-1  with  samplezgas  temperature  as  a 
parameter.  The  spectrophone  results  at  15.6°C  are  indicated 
by  the  symbol  Y.  The  spectrophone  results  at  24°C  are  in- 
dicated by  the  symbol  C>.  The  spectrophone  results  at 
27.6°C  are  indicated  by  the  symbol  X.  The  total 
sample  gas  pressure  is  760  Torr. 
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Figure  147.  Measured  absorption  coefficient  of  H„0  in  80-20  air  for 
the  P(16)  CO„  laser  line  at  947.743  cm  with  sample  gas  temperature 
as  a parameter.  The  spectrophone  results  at  16.0°C  are  indicated 
by  the  symbol  Y.  The  spectrophone  results  at  27.6°C  are 
indicated  by  the  symbol  X.  The  total  sample  gas 
pressure  is  760  Torr. 
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Figure  147.  Measured  absorption  coefficient  of  H„0  in  80-20  air  for 
the  P(16)  CO„  laser  line  at  947.743  cm  with  sample  gas  temperature 
as  a parameter.  The  spectrophone  results  at  16.0°C  are  indicated 
by  the  symbol  Y.  The  spectrophone  results  at  27.6°C  are 
indicated  by  the  symbol  X.  The  total  sample  gas 
pressure  is  760  Torr. 


an  absorption  coefficient  of  approximately  0.01  km-1  for  a water  vapor  partial 
pressure  of  two  Torr.  A 20%  error  in  this  result  corresponds  to  a change 
of  only  0.002  km-1  which  is  also  on  the  order  of  the  separation  between  the 
two  curves,  i.e.,  the  quantity  we  are  attempting  to  measure. 

At  higher  water  vapor  partial  pressures  the  relative  change  in  k,  i.e., 

A k /k 

■ also  varies  with  p0  but  at  a much  slower  rate,  one  or  two  percent 

between  10  and  14  Torr.  In  particular  Ak/k  is  14.9%  at  p =10  Torr  and 
13.3%  at  p = 14  Torr.  This  implies  that  an  error  of  approximately  one  per- 
cent in  these  results  could  also  explain  the  behavior  observed  in  Figure  146. 
The  nominal  absorption  coefficient  for  a water  vapor  partial  pressure  of  14 
Torr  is  0.2  km  1 so  that  a 1%  error  again  corresponds  to  an  absolute  error 
of  0.002  km-1  which  is  certainly  possible  for  these  experiments. 


Since  the  experimental  accuracy  required  for  an  accurate  determination 
of  Ak/k  was  not  obtained,  we  can  only  infer  an  approximate  value  for  the 
far  wing  temperature  dependence.  Using  the  results  at  higher  water  vapor 
partial  pressures  (where  the  accuracy  is  anticipated  to  be  best)  and  estimating 
a value  half-way  between  the  data  for  the  two  laser  lines  studied  we  obtain 

^ x 100%  £-20%  (117) 

for  a temperature  increase  from  16°C  to  27.6°C.  This  corresponds  to  a tem- 
perature coefficient  of  -1.7%/°K  where  the  negative  sign  is  included  to  in- 
dicate that  far  wing  absorption  is  observed  to  decrease  with  increasing  tem- 
perature. It  should  be  appreciated  that  this  coefficient  is  only  valid  for  tem- 
peratures near  295°K. 

Trusty^  has  also  studied  the  temperature  dependence  of  H„0  in  N„ 
absorption  for  the  P(20)  CO„  laser  line  at  944.194  cm"1.  In  this  work  he  used 
a nonresonant  spectrophone  to  measure  absorption  while  the  instrument  tem- 
perature was  elevated  with  heating  tapes.  His  results  indicate  an  opposite 
temperature  dependence  to  that  measured  in  this  study.  However,  those 
results  were  also  hampered  by  a significant  contamination  problem  which 
would  become  more  severe  as  the  spectrophone  temperature  was  elevated. 

c.  influence  of  lower  state  energy  level 


In  Chapter  II  the  temperature  dependence  of  a far  wing  contribution 
to  the  absorption  coefficient  was  shown  to  have  the  form 


exp 


i 


kT° 


T-T 

T 


(118) 


It  was  also  demonstrated  that  both  magnitude  and  sign  of  the  temperatue  co- 
efficient, i.e.,  Akj/kj,  are  determined  by  the  magnitude  of  E , the  lower  state 

energy  level  of  the  absorption  line,  see  Figure  3.  This  can  be*explicitly  shown 
by  taking  the  differential  of  Equation  (118)  and  solving  for  the  relative  change 
in  the  absorption  coefficient  per  degree  Kelvin,  which  is  given  by 
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(119) 


If  we  consider  a nominal  temperature,  T ^ 300°K  Equation  (119)  becomes 


AVki  , 

— -fifr  (T=300)  x 100%  % 1.7x10  •’[vj  - 600] 


(120) 


where  v.  js  the  lower  state  energy  level  in  cm-  equals  he v-.  This 

equation  clearly  shows  that  i 1 


^j/kj  I 


AT 


< 0 

vj  <600  cm  1 

> 0 

v;  > 600  cm  1 

(121) 


for  a temperature  of  300°K. 


The  above  argument  was  given  in  terms  of  the  contribution  from  a single 
absorption  line,  but  a logical  extension  of  these  results  shows  that 


A k /k 


x 100%  >-l% 


(122) 


which  simply  says  that  the  model  described  by  Equation  (117)  predicts  a mini- 
mum temperature  coefficient  of  -1%.  This  result  obviously  conflicts  with 
the  experimental  data  which  indicates  a temperature  coefficient  on  the  order 
of  -1.7%.  Since  the  inequality  given  in  Equation  (122)  was  obtained  for  E^0, 
the  equality  can  never  hold  and  it  becomes  clear  that  the  far  wing  formula- 
tion given  in  Chapter  II  will  not  model  the  water  vapor  temperature  depen- 
dence which  is  observed  in  Figures  (146)  and  (147). 

In  Equation  (119)  the  term  -3  comes  from  the  differential  of  (T°/T)^ 
which  is  responsible  for  reducing  the  absorption  coefficient  as  the  temperature 
increases.  It  is  interesting  to  consider  the  power  of  (T°/T)  required  to  pro- 
duce a temperature  coefficient  of  -1.7%.  If  we  assume  a nominal  lower  state 
energy  of  v % 300  cm  1 and  use  the  equation 


Ak/k 


x 100%  * 1.7  x 10-,}  [v  200  n ] 


(123) 


where  n would  be  the  power  of  (T°/T)  appearing  in  Equation  (118),  it  is  easy 
to  show  that  n must  be  ^6.5  for  x 100%  to  be  -1.7.  There  is  no  theo- 
retical basis  for  such  a modification  (known  to  this  author)  but  this  result 
does  indicate  a measure  of  the  inconsistency  between  experimental  data 
and  the  simple  theory  described  in  Chapter  II. 
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B.  Pure  Water  Vapor  Measurements 


1.  Introduction 


In  Chapter  II  the  pressure  dependence  of  the  absorption  coefficient 
was  developed  for  the  case  of  a pressure  broadened  water  vapor  sample  gas. 
If  we  extend  those  arguments  to  the  case  of  a pure  water  vapor  sample  and 
continue  to  assume  a Lorentz  line  shape,  the  far  wing  approximation  for  the 
absorption  coefficient  is  given  by 


,FW 


5 <,o 
°i 

r o 

aL. 
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It  J 

1 

O 
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rp_rpO 


kT 


o o 
^e 


(1241 


This  equation  shows  that  the  far  wing  contributions  to  the  absorption  coeffi- 
cient will  be  a linear  function  of  the  absorber  pressure  squared. 

An  analysis  for  the  pressure  dependence  of  the  absorption  coefficient 
at  the  10  pm  R(?0)  CQ  laser  line  can  also  be  carried  out  using  the  develop- 
ment given  in  Chapter  fl  with  the  result  that 

k=Xp2  + Y + Zp‘2  (125) 

where  X,  Y and  Z are  constants.  This  expression  demonstrates  one  of  the 
problems  encountered  in  using  the  Lorentz  line  shape  for  pure  H„0  studies. 
The  nqpr  line  center  contribution  to  the  absorption  coefficient  introduces 
the  p term  which  causes  k to  become  infinite  as  the  pressure  approaches 
zero.  A precise  analysis  using  the  Voigt  line  shape  would  prevent  such  a (non- 
physical) singularity. 

2.  Ambient  and  elevated  temperature  data 
a.  curve  fit  coefficients 

Except  for  the  data  taken  at  the  10  urn  R(20)  laser  line,  all  of  the  pure 
water  vapor  measurements  have  been  fit  to  an  equation  of  the  form 

k = B'p2  (126) 

where  R'  is  a positive  constant.  The  results  of  these  curve  fits  for  each  laser 
frequency  studied  are  listed  in  Table  18,  together  with  the  corresponding 
temperature  of  the  sample  gas.  Also  presented  in  this  tahle  are  the  figure 
number(s)  where  the  plotted  data  may  be  found,  and  the  self  broadening  coef- 
ficient, C°(vJ  given  by  Equation  (106).  The  data  for  the  R(?0)  laser  line  at 
975.930  cm  have  been  fit  to  the  arbitrary  empirical  formula 
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Table  18 


Curve  fit  coefficients  for  pure  water  vapor  absorption  measurements 
at  the  temperature  indicated  in  column  five.  The  data  has  been  fit 
to  an  equation  of  the  form  k=B'p  , where  p2  is  the  (water  vapor) 
pressure  squared  in  Torrr  Also  given  here  is  the  coefficient  C° 
from  the  equation  K(v)=C°(v)wH  QpH  Q,  where  wR  Q is  the 

number  density  of  water  molecules,  see  Equation  (1(?6).  The 
* indicates  that  this  measurement  was  performed  in  the 
spectrophone,all  other  results  were  obtained  from 
White  cell  experiments. 


Pure  HgO  Curve  Fit  Coefficients 
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„ -1 
cm 

! ID 

i 

! 

j 

R' 

Cjc1022 

*)  _ 1 _1 
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°C 

Figs. 

938.804 

P(?8) 

, 1.43E-3 
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i 18 
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1 1.09E-3 

2.52 

21 

| 120 

944.194 
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1.41 E-3 

3.24 

19 

89 

P(20) 

1.20E-3 

2.75 

18 

121 

P(20) 

1.07E-3 

2.48 

21.5 

121 

P(20) 

7.73E-4 

1.83 

28 

121 

977.214 

R(22)  ! 

1.20E-3 

i 

2.75 

I 18 

123 

980.913 

R(28)  | 

1.07  E-3 

2.45 

18 

124 

R(28) 

8.57  E-4 

1.98 

21 

124 

1052.196 

P(14) 

1.42E-3 

3.25 

18 

125 

1077.303 

R(18) 

1.19E-3 

2.72 

18 

126 

0 27) 


k = A'  p + R'  p^ 

for  the  plots  given  in  Figure  122.  These  data  have  also  been  fit  to  the  Eq- 
uation (125).  Table  19  lists  both  the  A',B';  and  X,  Y,  Z sets  of  coeffi- 
cients for  this  special  case. 


Table  19 

Curve  fit  coefficients  for  pure  water  vapor  absorption  measurements  at 
975.930  cm"  . The  data  has  been  fit  to  fit  to  an  equation  of  the  form 
k=A'p+B'p2  as  well  as  an  equation  of  the  form  k=Xp2+Y+Zp  . Also 
listed  here  is  the  average  temperature  at  which  the  data  was  re- 
corded. The  results  were  obtained  by  White  cell  measurements. 


V 

cm"' 

Pure  HgO  Curve  Fit  Coefficients  at  975.930  cm  1 

ID 

| A’ 

B' 

X 

i Y 

1 

Z 

1 Temp 
[ °C 

Figs. 

975.930 

R(20) 

1.36E-2 

1.59E-2 

1.66E-2 

5.94E-2 

-2.20E-1  1 

28 

92 

R(20)  1 

3.05E-2 

1.10E-2 

1.34E-2 

1.63E-1 

-7.16E-1 

21.5 

92 

R(20) 

1.32E-2 

1.27E-2 

1.32E-2 

i 8.96E-2 

-7.29E-1 

18 

92 

b.  comparison  of  spectrophone  and  White  cell  data 

The  curve  fit  coefficients  for  the  spectrophone  and  White  cell  data 
at  the  P(20)  laser  line  indicate  (see  Table  18)  that  rather  poor  agreement 
exists  between  the  two  techniques  for  this  pure  water  vapor  measurement. 
(The  author  feels  that  a systematic  error  is  being  observed  in  the  spectro- 
phone results  since  the  absorption  measured  is  significantly  greater  than 
expected.)  However,  it  is  encouraging  to  note  that  the  spectrophone  data 
shows  the  proper  linear  behavior  with  p , see  Figure  89,  although  the  results 
given  here  do  not  have  (what  is  believed  to  be)  the  correct  magnitude. 

A possible  source  for  this  discrepancy  is  an  inaccuracy  of  the  White 
cell  calibration  data  at  the  10  urn  R(20)  laser  line,  see  Figure  122.  The  pure 
water  vapor  White  cell  results  for  this  laser  line  show  an  apparent  inconsis- 
tency between  the  measurements  at  18°C  and  21.5°C.  A comparison  with 
the  results  taken  at  28°C  indicates  that  a reasonable  temperature  dependence 
is  not  observed  for  the  data  taken  at  18°C  and/or  21.5°C.  This  is  quite  sig- 
nificant since  the  18°C  data  was  used  to  calibrate  the  spectrophone  measure- 
ments for  the  P(20)  laser  line  at  944.194  cm-1.  The  possibility  of  contami- 
nation in  the  H„0  sample  is  always  present,  but  for  now  it  is  more  reason- 
able to  suspect  That  a calibration  error  has  produced  the  discrepancy  in  the 
pure  water  vapor  data  at  the  P(20)  line. 
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c.  temperature  dependence 


F W 

The  temperature  dependence  of  k for  a pure  water  vapor  sample 
is  given  in  Equation  (124)  and  is  the  same  as  that  predicted  for  the  pressure 
broadened  data.  This  similarity  follows  from  the  derivation  of  Equation  (124) 
which  is  based  upon  the  development  given  for  the  pressure  broadened  case 
found  in  Chapter  II.  As  was  previously  noted,  this  model  does  not  give  the 
proper  temperature  dependence  for  collision  broadened  water  vapor  absorp- 
tion, so  it  should  not  be  surprising  if  it  does  not  properly  describe  pure  H„o 
absorption.  In  this  analysis,  the  temperature  coefficient,  e will  also  be  (re- 
fined as  the  percentage  change  in  k,  the  absorption  coefficient,  per  degree 
Kelvin,  or  in  terms  of  the  curve  fit  parameter  B' 


e(T)  = 


Ak/k 
~ ST~ 


x 100% 


(B'rB'2)/B 

^ ST 


x 100% 


(128) 


where  B'^  is  the  constant  coefficient  appearing  in  Equation  (126)  for 
1 the  data  taken  at  a temperature  Tj, 

B'2  is  the  constant  coefficient  appearing  in  Equation  ( 126)  for 
L the  data  taken  as  the  temperature  T£, 

B is  the  average  of  B'j  and  B'2,  i.e.,  (B'1+B'2)/2, 

AT  is  the  temperature  differential,  Tj-Tj 

and  T is  the  nominal  temperature,  i.e.,  (T1+t2)/2. 

Equation  (128)  has  been  evaluated  for  each  laser  line  at  which  pure  water 
vapor  measurements  were  conducted  at  more  than  one  temperature.  The 
results  of  these  calculations  are  shown  in  Table  20.  In  each  case  the  observed 
temperature  coefficient  is  less  than  negative  one,  which  again  indicates  that 
the  simple  Lorentz  line  shape  model  will  not  describe  the  temperature  de- 
pendence of  the  water  vapor  continuum,  see  Equation  (122).  These  results 
also  indicate  a significantly  larger  temperature  dependence  than  was  found 
in  the  pressure  broadened  H20  studies. 

7 S 

Arefev  and  Dianov-Klokov  ‘ have  also  measured  pure  H-O  absorption 
as  a function  of  temperature  for  laser  frequencies  near  10.6  u m.  Their  re- 
sults are  plotted  together  with  the  results  of  this  study  in  Figure  1 48.  The 
data  from  this  study  come  from  the  White  cell  measurements  at  the  P(20) 
laser  line.  This  comparison  indicates  a reasonably  good  agreement  between 
the  two  studies  and  confirms  a substantial  negative  temperature  coefficient 
for  continuum  absorption. 
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Figure  148.  Measured  values  of  the  self  broadening  coefficient,  C (v) 
as  a function  of  temperature  near  10.6  pm  for  pure  water  vapo? 
samples.  The  symbol  © indicates  the  data  from  this  study 
obtained  at  the  10.6 pm  P(20)  in  White  cell  measurements. 

1 The  symbol  X gives  the  result  of  Arefev  and  Dianov- 

Klokov  (Reference  75). 
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Table  20 

List  of  measured  temperature  coefficient,  0 as  defined  in 
Equation  (128),  for  the  pure  water  vapor 
absorption  measurements. 


Pure  1^0  Temperature  Coefficients 
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c.  the  continuum 


In  this  section  the  results  of  the  spectrophone  and  White  cell  studies 
°f  HgO  in  N2  absorption  will  be  used  to  model  the  frequency  dependence 
of  the  continuum.  It  will  be  assumed  that  this  phenomenon  can  be  described 
in  terms  of  the  far  wing  contributions  of  the  rotational  water  vapor  band 
near  200  cm-1  and  the  vibration-rotation  v„  band  near  2000  cm*  • With  this 
approach  the  continuum  absorption,  k is  given  by  a sum  of  far  wing  absorp- 
tion from  these  two  bands,  i.e., 


+ k 


FW 


Q29) 


F W 

where  k ^ is  the  sum  of  the  rotational  band  contributions  near  10pm 


and 


FW 

k is  the  sum  of  the  vg  band  contributions  near  10  pm. 


We  shall  also  assume  that  a Lorentz  line  shape  is  applicable  for  both  bands 
SOthat  ,R  R ,2  2 
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(130) 


where  S j is  the  rotational  band  line  strength  of  the  ith  absorption  line, 
2 

Sj  is  the  \>2  hand  line  strength  of  the  jth  absorption  line, 
a j is  the  rotational  band  half-width  of  the  ith  absorption  line, 
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oij  is  the  \^2  band  half-width  of  the  jth  absorption  line, 

R 

v Qj  is  the  rotational  band  line  center  of  the  ith  absorption  line, 
2 

v is  the  Vg  band  line  center  of  the  jth  absorption  line. 


Now  using  the  conditions  that 
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To  obtain  a simple  model  for  the  continuum  we  shall  drop  all  terms  in  the 
expansion  except  for  the  constant  in  which  case  Equation  (134)  becomes 

kc  *AR  v'2  + AV2  (135) 

to  first  order,  where 
R 

An  is  a positive  constant  giving  the  contribution  of  the  rotational 
band, 

Vo 

and  A is  a positive  constant  giving  the  contribution  of  the  v 2 band. 

In  Figure  149  the  results  from  the  spectrophone  study  of  H„G  in  N? 
absorption  are  plotted  vs  wavenumber  for  a water  vapor  partial  pressure1* 
of  14.3  Torr.  The  solid  curve  in  this  figure  represents  the  least  square  fit 
of  these  data  to  Equation  (135).  Similarly  in  Figure  150  the  results  from 
the  White  cell  measurements  are  shown  together  with  the  least  square  fit  of 
those  data  to  Equation  (135). 
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The  continuum  absorption  which  we  are  attempting  to  model  is  presumed 
to  be  a slowly  varying  function  of  frequency  so  it  is  reasonable  to  speculate 
that  the  rapid  fluctuation  observed  in  Figures  149  and  150,  near  980  cm”* 
indicate  the  effects  of  local  absorption  lines.  Hence,  the  rapid  variations 
do  not  represent  the  phenomenon  which  we  are  attempting  to  model  with 
Equation  (135).  To  obtain  a more  consistent  and  therefore  accurate  repre- 
sentation of  the  far  wing  contributions  of  the  rotational  and  v2  band  the 
experimental  data  was  re-analyzed  after  such  local  contributions  were  ac- 
counted for  , i.e.,  the  local  H„o  absorption  was  subtracted  from  the  raw 
data.  In  Figures  151  and  152  tire  "corrected"  spectrophone  and  White  cell 
data,  respectively  have  been  plotted  as  a function  of  wavenumber,  the  solid 
curves  represent  the  least  square  fits  to  Equation  (135).  In  Table  21  the  coef- 
ficients for  this  equation  are  tabulated  for  both  the  "corrected"  and  original 
data  of  both  the  spectrophone  and  White  cell  studies.  These  coefficients 
provide  a model  for  the  continuum  absorption  near  9 and  10  urn  at  tempera- 
tures near  295°K  and  for  a water  vapor  partial  pressure  of  14.3  Torr. 


The  temperature  dependence  of  the  continuum  under  these  same  con- 
ditions was  previously  analyze  ',in  the  spectrophone  temperature  studies 
of  H20  in  N2  absorption  at  the  lO  ym  P(16)  and  P(20)  laser  line.  Those  re- 
sults indicated  a temperature  coefficient  of  -1.7%  for  the  conditions  we 
have  just  defined.  Knowledge  of  this  temperature  dependence  plus  the  coef- 
ficients listed  in  Table  21  provides  a quantitative,  if  semi-empirical  model 
for  the  water  vapor  continuum  near  lOym. 

Table  21 


n Vn 

List  of  the  coefficients,  A and  A 6 which  appear  in  Equation  (135)  of 

D n V 9 

the  text,  i.e.,  k +A  L which  represents  the  frequency  de- 

pendence  of  tffe  far  wing  contributions  to  absorption  near  9 and 
10  ym.  These  coefficients  were  obtained  from  a least  square 
fit  of  spectrophone  and  White  cell  data  for  14.3  Torr  H2o  in 
Ng  at  a total  pressure  of  1 atm. 
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22.5°C 

l.fiOE  5 

1.50E  5 

5.84E-2 

5.29E-2 

I 

l 


j 
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ou/18/78  "CORRECTED"  H20  IN  N2  ABSORPTION 


CHAPTER  VII 

SUMMARY  AND  CONCLUSIONS 


In  this  study  water  vapor  absorption  between  930  and  1085  cm-1  was 
examined  using  both  spectrophone  (optoacoustic)  and  White  cell  techniques 
to  measure  the  absorption  coefficient  as  a function  of  absorber  concentra- 
tion and  temperature.  A comparison  of  the  results  obtained  by  these  two 
methods  indicates  good  agreement  and  substantiates  the  internal  consistency 
of  the  measurements.  For  a case  of  near  line  center  absorption,  we  have 
shown  that  the  Lorentz  line  shape  properly  models  both  the  pressure  and 
temperature  dependence  of  H-O  absorption.  However  in  the  far  wing  re- 
gions the  experimental  data  affirm  h that  a different  line  profile  is  required 
to  model  the  properties  of  the  water  vapor  continuum. 

Absorption  in  pressure  broadened  water  vapor  samples  was  studied  as 
a function  of  the  buffer  gas  composition.  Thesejesulis  confirmed  that  oxygen 
is  a less  effective  broadening  gas  than  nitrogen'  ’ . This  observation 

was  most  apparent  for_|he  near  line  center  measurements  at  the  R(20)  CO„ 
laser  line,  975.930  cm  . The  differences  between  the  continuum  absorption 
of  (HgO  in  N2)  and  (H2O  in  80-20  air)  was  observed  to  be  quite  small. 

Temperature  dependence  of  H2O  in  air  absorption  was  studied  using 
the  temperature  control  capability  of  the  differential  spectrophone.  Results 
for  the  P(20)  CC>2  laser  line  at  944.194  cm-1  and  the  P(16)  C02  laser  line 
at  947.742  cm  indicate  that  the  continuum  has  a negative  temperature 
coefficient  of  approximately  -1.7%  at  295°K,  i.e.,  the  absorption  coefficient 
decreases  at  a rate  of  %1.7%  per  degree  increase  in  temperature.  These 
results  also  indicate  that  an  accurate  determination  of  the  continuum  tem- 
perature dependence  will  require  that  absorption  be  studied  over  a much 
wider  range  in  temperature  than  was  considered  here. 

Response  of  the  spectrophone  as  a function  of  sample  gas  pressure  was 
analyzed  and  a method  for  studying  pure  water  vapor  absorption  with  this 
instrument  introduced.  The  results  from  preliminary  pure  H„o  measurements 
in  the  spectrophone  at  the  10.6  um  P(20)  laser  line  indicate  absorption  which 
is  'vl  5%  higher  than  expected.  Absorption  by  pure  water  vapor  samples  was 
studied  at  seven  C02  laser  lines  with  the  White  cell.  Four  of  the  laser  fre- 
quencies were  studied  at  more,  than  one  temperature.  Results  for  the  P(20) 

COg  laser  line  at  944.194  cm"  were  compared  with  the  pure  water  vapor 
study  of  Arefev  and  Dianov-Klokov  , who  performed  measurements  near 
10.6  11m  over  a temperature  range  from  281°K  to  350°K.  Their  results  show  good 
agreement  with  this  study  and  indicate  a significant  negative  temperature 
coefficient  for  the  continuum  absorption.  The  data  from  these  studies  of 
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pure  water  vapor  absorption  would  suggest  a temperature  coefficient  between 
-3  and  -9%  at  300°K,  which  is  at  least  twice  that  observed  in  the  pressure 
broadened  measurements. 

The  purpose  of  this  study  was  to  obtain  accurate  water  vapor  absorp- 
tion measurements  at  CO^  laser  frequencies  and  from  these  results  infer  prop- 
erties of  the  water  vapor  continuum  near  9 and  10  y m.  The  data  from  this 
study  indicate  that  as  a function  of  frequency,  continuum  absorption  can 
be  modeled  with  the  equation 

kc  % 1.72  x 105  V2  + 2.47  x 10“2  (136) 

where  v is  the  frequency  in  wavenumbers  (cm-1).  The  constants  in  this  eq- 
uation were  determined  from  spectrophone  and  White  cell  absorption  meas- 
urements of  14.3  Torr  H„o  in  N«  at  a total  pressure  of  1 atm.  near  295°K- 
The  temperature  dependence  under  these  same  conditions  was  determined 
to  be 


Ak/k 

aT" 


x 100 'v  -1.7% 


(137) 


in  which  Ak/k  is  the  relative  change  in  absorption  produced  by  a temperature 
variation,  AT. 
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